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suitable	 option	 for	 remotely	 powering	 the	 components,	 instead	 of	 the	electrical	source.		 The	 project	 will	 deep	 to	 a	 greater	 extent	 in	 the	 justification	 of	 the	 selected	resources,	 including	 comparisons	with	 the	 different	 options	 studied	 and	 the	reasons	for	the	final	selection.	It	will	also	include	the	final	design	of	the	sensor,	and	 the	 results	 experimentally	 obtained	 at	 the	 lab	 facilities	 of	 the	 full-developed	system,	including	every	aspect	discussed.					
1.2	SOCIAL	ECONOMICAL	IMPACT			The	 development	 of	 power	 transformer	 plants	 has	 great	 implications	 in	the	 territories	 where	 they	 are	 run.	 The	 transformers	 work	 transferring	electrical	 energy	 from	one	 circuit	 to	 another,	weighting	 tons	 and	 connecting	power	networks	between	one	to	another.	The	operation	of	the	devices	can	end	up	 having	 different	 effects,	 like	 the	 contamination	 caused	 by	 the	 carbon	dioxide	emitted	from	burning	the	chemical	products	that	maintain	the	device	active.	If	these	products	are	released	into	the	environment	they	can	also	result	to	be	harmful.	The	animal´s	habitat	are	affected	by	the	contamination,	and	by	the	second	effect	of	the	transformers,	the	electromagnetic	fields	emitted	from	them,	which	can	also	generate	health	problems.			
	










1.3	OBJECTIVES	AND	CONTENTS			The	 objective	 of	 this	 project	 is	 to	 remotely	 interrogate	 and	measure	 the	temperature	 inside	 a	 transformer	 using	 an	 intelligent	 sensing	 method	 that	includes	an	optical	sensor	and	a	microcontroller.	The	latter	will	be	powered	by	optical	fiber	means,	thus	implementing	Power-over-Fiber	(PoF)	technology.			The	 development	 of	 the	 system	 can	 be	 divided	 in	 both	 theoretical	 and	experimental	tasks.		First,	 the	 theoretical	 part	 of	 the	 project	will	 focus	 on	 the	 justification	 of	 the	selection	 of	 the	 used	 resources.	 All	 possible	 options	 for	 the	 required	components	 will	 be	 studied	 and	 analyzed,	 comparing	 the	 possibilities	 and	explaining	what	makes	it	the	most	suitable	for	this	project.	This	includes:		
Ø The	selection	of	the	optical	fiber	sensor,	what	makes	it	the	best	option	in	 this	 specific	 project,	 taking	 into	 account	 its	 characteristics	compared	to	the	other	sensor’s	features.	
Ø The	 design	 of	 the	 electrical	 circuits	 to	 operate	 the	 sensing	 scheme.	When	 employing	optoelectronic	 devices,	 such	 as	 optical	 sources	 and	optical	receivers,	it	is	necessary	to	design	the	adaptation	circuits	that	go	 along	with.	 The	 development	 of	 this	 electronic	 stage	will	 include	the	 reasoning	used	 for	 the	 selected	parameters	 that	 compose	 it,	 and	the	theoretical	results	obtained	from	these	designs.	
Ø The	 selection	of	 ZigBee	 as	 the	 communication	protocol,	 including	 its	most	 remarkable	 characteristics	 for	 the	project	 and	 the	definition	of	the	device	used	for	its	inclusion,	the	XBee	modules	using	the	Arduino	plates.		The	experimental	part	of	the	project	focuses	on	the	development	of	the	system	at	 the	 lab	 facilities	at	 the	DTE.	After	 the	analysis	of	 the	components,	and	 the	selection	of	their	parameters,	the	operation	of	the	system	will	be	tested.	This	includes:		
Ø Developing	 the	 circuits	 based	 on	 the	 selected	 design.	 Assuring	 it	 is	properly	working	and	the	results	obtained	experimentally	are	similar	to	the	theoretical	values.	The	theoretical	values	are	obtained	assuming	ideal	 circumstances,	 which	 means	 it	 is	 possible	 the	 experimental	results	may	not	be	exactly	the	same.	
Ø The	 data	 acquisition.	 This	 process	 will	 be	 done	 using	 the	microprocessor	in	the	Arduino	One	plate,	which	will	be	programmed	to	 obtain	 the	 data	 from	 the	 output	 signal	 of	 the	 circuit	 and	transforming	 it.	 The	 analogical	 value	will	 be	 converted	 into	 a	 digital	one	for	its	transmission	to	the	communication	module	





Ø Obtaining	 a	 calibration	 curve	 of	 the	 temperature	 values.	 This	 curve	will	 compare	 the	 voltage	 value	 obtained	 from	 the	 circuit;	 to	 the	temperature	the	sensor	(which	will	be	placed	on	a	hot	plate)	is	set	to	be.	In	this	way	a	linear	function	relating	both	values	will	be	obtained,	and	will	be	used	in	the	final	interface	for	the	temperature	analysis.		
Ø Development	 of	 the	 computer	 interface	 using	 the	 LabView	program.	The	program	will	receive	the	information	from	the	sensor	and	will	use	the	calibrated	function	to	obtain	the	temperature	value	that	will	then	appear	 on	 the	 user	 screen.	 The	 program	 will	 also	 include	 alarms,	warning	the	workers	when	the	temperature	values	are	outside	of	the	correct,	previously	set,	thresholds.		The	 final	 results	 obtained	 from	 the	 project	 show	 the	 full	 operation	 of	instrumental	 systems,	 including	 every	 aspect	 from	 the	 design	 to	 the	implementation.			After	developing	and	testing	the	system,	the	electric	power	source	used	will	be	replaced	 by	 PoF	 technique.	 In	 order	 to	 obtain	 the	 maximum	 and	 minimum	electrical	consumption	values	of	the	system,	an	analysis	of	the	consumption	in	the	emitter	Arduino	plate	will	be	done.	The	feasibility	of	powering	the	Arduino	module	though	PoF	will	be	theoretically	studied	analyzing	the	power	budget.			A	 testing	 bench	will	 be	 design	 over	 the	 PoF	 schematic	 in	which	 the	 longest	distance	capable	of	powering	the	Arduino	plate	will	be	measured.						
1.4	PROJECT	SCHEDULE			The	 following	 points	 will	 describe	 the	 activities	 performed	 for	 the	development	 of	 the	 project,	 as	 well	 as	 the	 estimated	 time	 dedicated	 to	 its	implementation:		 	I. Documentation	and	state-of-the-art		 	
a. Mechanical,	 electrical,	 magnetically	 or	 optical	 sensors	 to	measure	the	temperature.	 	
b. Advantages	and	disadvantages	of	the	proposed	sensors.	 	
c. Identification	of	the	measuring	techniques	that	avoid	the	use	of	 electrical	 components	 for	 the	 temperature	 measure	 in	hostile	environments.		 	
d. Advantages	and	disadvantages	of	 the	measuring	 techniques	proposed.	 	
	 (2-3	weeks)	





temperature	 sensor.	 This	 will	 always	 be	 done	 while	 the	 used	sensor	 does	 not	 have	 a	 signal	 conditioning	 circuit	 involved.	 The	instrumentation	system	will	be	simulated	using	Multisim	tool	with	the	 aim	 of	 justifying	 the	 utilized	 components	 and	 adept	 their	values	to	obtain	an	adequate	output	signal.	
	 (1	week)	
	 	III. Analysis	 of	 the	 characteristic	 parameters	 of	 a	 temperature	sensor,	 such	 as	 sensitivity,	 calibration	 curve,	 linearity,	 among	others.		 	
	 (1	week)	
	 	IV. Development	 of	 the	 instrumentation	 system	 using	 a	 photo-board	plate.	 	
	 (2	weeks)	
	 	V. Design	 of	 the	 Arduino	 program	 that	 allows	 acquiring	 the	analogical	 signal.	The	digital	 signal	will	be	 transmitted	 through	a	ZigBee	module	 to	 another	Arduino	Uno	 that	will	 be	 in	 charge	 of	transmitting	 from	 a	 USB	 to	 the	 computer.	 The	 modules	programming	will	be	done	through	LabView.	
	
	 (2-3	months)	
	 	VI. Consumption	analysis	of	the	Arduino	emitter	module	with	the	aim	 of	 determining	 the	maximum	 and	minimum	 consumption	 of	the	 system.	 Theoretical	 study	 of	 the	 viability	 of	 powering	 the	Arduino	plate	through	Power	over	Fiber.	In	order	to	do	so	a	power	budget	analysis	will	be	done.		
	
	 (2-3	months)	
	 	VII. Design	of	a	test	bench	over	the	Power	Over	Fiber	schematic	in	which	the	maximum	distance	at	which	the	Arduino	module	can	be	powered.	 Juan	 Dayron	 Lopez	 Cardona,	 a	 PhD	 student	 from	 the	university,	will	collaborate	within	this	task.	
	
	 (1	week)	
	 	VIII. Discussion	 over	 the	 application	 of	 the	 sensing	 system	 in	 the	remote	data	acquisition	and	measurement	of	physical	magnitudes	in	hostile	environments.	 	
	 (1	week)	
	 	IX. Identification	of	possible	 future	action	 lines	 that	will	 improve	the	work	done.	 	
	 (2	months)	






	 	XI. Elaboration	of	a	presentation	for	the	project	 	
	 (1	week)		The	following	figure	includes	a	Gannt	diagram	of	the	project,	this	is	a	graphical	tool	 whose	 objectives	 is	 expose	 the	 predicted	 dedication	 time	 for	 different	tasks	through	a	total	fixed	time.	
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For	an	easier	resolution	of	the	selection,	the	sensors	are	going	to	be	categorized	in	 three	 main	 different	 types:	 mechanical,	 electrical	 and	 optical	 sensors,	 that	involves	mechanical,	electrical/electronic	or	optical	parameters	and	quantities	to	be	interrogated	and	analyzed,	respectively.			The	mechanical	devices	modify	their	behavior	under	the	action	of	a	mechanical	magnitude	 (force,	displacement,	 inertial,	 flow…)	 that	 can	directly	or	 indirectly	transmit	 a	 signal	 to	 indicate	 change.	The	electrical	 sensors	 can	be	of	different	types,	such	as	semiconductor	or	metallic-based.	The	first	case	usually	employs	the	change	in	the	electrical	current	with	regards	to	the	measurement	of	interest.	The	 metallic	 (resistive)	 sensor	 applies	 the	 same	 method,	 i.e.	 the	 resistance	varies	as	 the	 temperature	changes.	Along	with	 the	resistive,	 there	are	also	 the	inductive	 and	 capacitive	 sensors,	 which	 have	 the	 same	 performance	methodology,	but	with	different	magnitudes.		In	the	case	of	optical	sensors,	the	latter	 use	 any	 of	 the	 physical	 properties	 of	 light	 to	 sense	 the	 magnitude	 of	interest.			After	 this	basic	 introduction	of	 the	 three	main	 sensor	 types	 in	our	 industry,	 a	more	complex	and	deep	analysis	of	each	of	the	sensors	is	going	to	be	made,	to	assure	the	most	fitting	and	optimized	selection	for	the	temperature	analysis	in	the	transformer.						
2.1	MECHANICAL	SENSORS					 They	 measure	 physical	 magnitudes	 such	 as	 displacement,	 velocity,	acceleration,	mechanical	 force,	 rotation,	 bending	 and	 pressure,	 among	 others.	Devices	 such	 as	 thermometers	 are	 a	 commonly	 used	 example	 of	 this	 type	 of	sensor.		











- The	sensitive	component	of	the	thermometer	should	be	small	so	that	it	does	not	absorb	much	heat	from	the	object		 There	are	also	 infrared	 thermometers,	which	are	not	 categorized	as	mechanical	 sensors	 but	 as	 thermal	 radiation	 sensors.	 However	 it	 is	interesting	to	understand	this	kind	of	sensors	as	well,	because	of	 its	frequent	 use	 in	 industrial	 processes.	 These	 infrared	 thermometers	are	 non-contact	 devices	 that	 measure	 the	 infrared	 energy,	 the	thermal	 radiation	 emitted	 by	 an	 object.	 They	 provide	 fast	 and	accurate	 values,	 being	 especially	 useful	 in	 the	 process	 with	contamination	 risks,	where	 the	 item	 being	measured	 should	 not	 be	touched.	 They	 allow	 acquiring	 the	 temperature	 of	 moving	 objects,	and	 they	 are	 compact	 and	 easy	 to	 use	 [4].	 This,	 however,	 is	 not	 an	option	 when	 measuring	 the	 temperature	 inside	 of	 a	 transformer,	because	it	 is	not	able	to	measure	gas	or	 liquids,	 it	cannot	be	used	in	hostile	 environments	 with	 any	 dust	 or	 humidity,	 and	 the	 accuracy	may	be	affected	by	these	factors.						
2.2	ELECTRICAL	SENSORS			 Electrical	 sensors	 are	 the	 most	 used	 when	 measuring	 temperature	 in	industrial	processes,	because	of	the	wide	variety	of	off-the-shelf	sensors.	These	devices	 transform	 the	 temperature	changes	 in	electrical	magnitude	variations,	processed	 by	 electronica	 components.	 	 They	 use	 electromagnetic	 magnitudes	such	 as	 electric	 fields,	 voltage,	 electric	 current	 and	magnetic	 fields.	 The	main	types	are:		









Table	2.1.	Values	of	temperature	range	and	variation	coefficient	for	Platinum,	Nickel	and	Copper	[5]	In	this	table	2.1	we	can	observe	the	temperature	range	of	each	of	the	main	 materials	 used	 for	 these	 devices,	 as	 well	 as	 the	 variation	coefficient	 based	 on	 the	 temperature	 change,	 quantification	 the	response	of	the	detector	to	this	alteration.		The	most	 common	RTD	 sensor	 is	 the	 Pt100.	 It	 is	made	 of	 platinum,	which	 is	 the	most	stable	and	exact	material.	The	100	stands	for	the	standard	 (nominal)	 resistance	 value	 (100	 Ω)	 at	 0ºC.	 The	disadvantage	 of	 this	 exact	 sensor	 is	 the	 high	 cost	 of	 the	 platinum,	resulting	in	an	expensive	option.	
	
Figure	2.1.	Resistance	variation	with	the	temperature	[5]	The	concept	of	this	thermo-resistor	is	that	current	goes	through	the	conducting	 material,	 obtaining	 and	 output	 voltage	 that	 increases	with	 the	 temperature.	 Fig.	 2.1	 illustrates	 the	 variation	 of	 the	resistance	 value	when	 increasing	 the	 temperature	 affecting	 it.	 This	power	supply	method	can	also	cause	the	biggest	failures,	generating	high	risks	of	overheating	the	resistance	producing	errors	in	the	final	results.				





fragile	 devices.	 They	 are	 composed	 with	 a	 time	 constant,	 which	measures	 the	 time	 reaction	 to	 the	 temperature	 alteration,	 and	 a	power	rating,	affected	by	the	current	going	through.	The	thermistors	have	a	low	linearity,	however	they	can	be	linearized	placing	a	resistor	parallel	to	the	NTC.	Unlike	the	thermo-resistor,	the	thermistor	 has	 a	 high	 sensibility	 capable	 of	 decreasing	 6%	 the	resistance	value	 for	1ºC	raise.	This	high	sensitivity	allows	a	precise	quantification	 of	 temperature,	 and	 a	 range	 of	 +140ºC	 to	 +450ºC.	Their	small	size	grants	placing	them	in	difficult	spaces,	which	makes	them	ideal	for	some	industrial	processes.	The	 high	 sensitivity	 provides	 a	 fast	 response	 to	 any	 changes,	 but	does	 not	 offer	 accuracy	 and	 stability	 when	 comparing	 to	 other	electric	 sensors	 like	 the	 thermo-resistor.	 Also	 having	 the	 same	overheating	issue	as	the	sensor	previously	mentioned,	caused	by	the	current	going	through	the	device,	makes	this	option	negligible	for	the	temperature	measurement	inside	the	transformer	[6].			
• Thermocouple:	 the	most	 used	 device	 in	 temperature	measurement	because	of	its	wide	measurement	range,	usually	ranging	from	-200ºC	to	+1400ºC.	They	are	based	on	 the	 “Seebeck	Effect”,	which	consists	on	 the	 generation	 of	 a	 thermoelectric	 voltage	 produced	 by	 the	difference	 between	 the	 junctions	 of	 two	 conducting	 cables	 of	different	materials	at	a	given	temperature.	The	joint	is	associated	as	the	 reference	 joint,	 or	 “hot	 junction”.	 	 To	 generate	 the	 voltage	 it	needs	 a	 second	 junction	 at	 a	 different	 temperature,	 called	 the	reference	 joint,	 or	 “cold	 junction”.	 The	 output	 voltage	 of	 a	thermocouple	 is	 a	 function	 of	 the	 temperature	 changes.	 It	 is	important	 to	 highlight	 that	 the	 sensitivity	 has	 low	 numeric	 values,	around	µV/	ºC.			
	













Table	2.2.	Conductors	type	composition	and	temperature	range	[7]	They	enable	 their	use	 in	oxidant	 environments.	 In	 the	 case	of	 the	 J	type,	the	iron	oxidizes	quickly	and	has	a	fragility	potential,	but	with	the	advantage	of	a	low	cost.	The	biggest	limitation	of	the	T	type	is	the	low	 temperature	 range.	 The	 type	 K	 has	 the	 biggest	 output	 voltage	signal,	 especially	 useful	 in	 humid	 environments	 because	 of	 its	 high	resistance	to	corrosion.					





leaves	 the	 optical	 sensor,	 being	 the	 most	 suitable	 option	 when	 working	 in	industrial	processes	such	as	the	transformer	within	power	plants,	with	the	main	advantage	of	providing	immunity	to	electromechanical	interferences	(EMI)	that	can	alter	the	final	results	due	to	the	passive	nature	of	light	[8].					





2.3.2	Optical	Sensor	Types			 A	huge	volume	of	physical	magnitudes	can	be	measured.	At	a	first	approach,	fiber-optic	 sensors	 can	 be	 classified	 into	 the	 following	 list,	 depending	 on	 the	magnitude	to	be	measured	[8].		
Ø Mechanical	 measurements:	 this	 includes	 displacement,	 velocity,	acceleration,	 mechanical	 force,	 rotation,	 bending	 and	 pressure.	 Optical	effects	 produced	 by	 seismic	 masses,	 beams	 and	 laser	 velocimetry	 are	examples	of	techniques	for	the	measurement	of	these	magnitudes	[12].		
Ø Thermal	 measurements:	 	 the	 temperature	 magnitude	 is	 measured	through	 different	 transducer	 mechanisms	 such	 as	 variations	 in	 the	spectral	 emission,	 absorption,	 refractive	 index	 variation,	 fiber	transmission	parameters,	 central	wavelength	variations	 in	FBGs	or	due	to	non-linear	effects	in	photonic	materials	[13].		
Ø Electromagnetic	 measurements:	 physical	 electromagnetic	 magnitudes	such	as	electric	fields,	voltage,	electric	current	and	magnetic	fields	can	be	measured	 due	 to	 electro-optical	 effects	 and	 magnetic-optical	 effects	produced	in	photonic	materials	and	devices	[14].		
Ø Radiation	measurement:	 in	which	X-rays	and	nuclear	 radiations	 can	be	basically	detected	through	luminescence	or	fluorescence	effects	[15].		
Ø Chemical	 measurements:	 in	 which	 the	 chemical	 composition	surrounding	 the	 fiber-optic	 sensor	 allows	 measurement	 in	 physical	magnitudes	such	as	absorption,	luminescence,	etc.	[16].		
Ø Flow,	 turbulence	 and	 liquid	 level	 measurements:	 through	 absorption,	reflection	 and	 scattering	 measurements	 produce	 by	 liquid	 flow	 or	turbulences	in	liquids	[17].		
Ø Biomedical	measurements:	 usual	 physical	magnitudes	 could	 be	 acidity,	oxygen	blood-levels,	blood	pressure,	DNA	identification	and	temperature	monitoring	[18].			According	to	the	spatial	distribution	of	the	measured	the	fiber	optic	can	be	one	of	the	following	types:		
Ø Point	 sensors:	when	 the	measurement	 is	 carried	 out	 at	 discrete	 points	accessed	by	different	channels	[19].		





accuracy	 and	 precision,	 and	 the	 spatial	 position,	with	 a	 specific	 spatial	resolution	 they	 permit	 the	 realization	 of	 “spatial	 mapping”	 of	 the	measured	[20].		
Ø Quasi-distributed	 sensor:	 they	 measure	 the	 value	 of	 the	 state	 of	 the	measurand	 at	 discrete	 points	 of	 the	 space	 situated	 in	 a	 single	 optical	channel	 being	 possible	 to	 increase	 the	 number	 of	measurement	 points	using	optical	multiplexing	techniques.	[21]		According	to	the	nature	of	the	transducing	mechanism,	they	can	be:		
Ø Intrinsic	 sensors:	 the	 optical	 waveguide	 is	 used	 to	 carry	 out	 the	transduction	by	modifying	its	intrinsic	characteristics	of	transmission	or	reflection	 depending	 on	 the	 magnitude	 to	 be	 measured.	 The	 luminous	radiation	remains	totally	or	partially	within	the	waveguide	[22].		
Ø Extrinsic	 sensors:	 interaction	 between	 light	 and	 the	 measurand	 is	produced	in	an	external	optical	device	and	the	modulated	light,	optically	codified,	returns	to	the	remote	processing	unit,	 i.e.	 the	 light	modulation	process	is	carried	out	outside	the	optical	waveguide	[23].		According	to	the	type	of	modulation	to	be	used	for	the	modulation	of	the	optical	radiation,	the	fiber-optic	sensor	can	be	classified:		
Ø Intensity	modulated	sensors:	the	magnitude	to	be	measured	modifies	the	optical	intensity	transmitted	by	the	fiber,	Such	type	of	modulation	allows	the	use	of	 low	cost	 light	sources	along	with	simple	optical	components,	giving	rise	to	sensors	which	are	technically	and	costly	competitive	with	commercial	potential	[24].		
Ø Interferometric	sensors:	the	measurand	causes	a	modulation	in	phase	of	the	 luminous	 radiation	 in	 the	 transducer.	 It	 requires	 coherent	 light	sources,	 singlemode	 fibers	 and	 complex	 optical	 devices	 to	 control	 the	polarization.	 These	 sensors	 offer	 the	 greatest	 sensitivity	 that	 can	 be	reached	[25]		
Ø Polarimetric	 sensors:	 the	measurand	modulates	 the	 polarization	 of	 the	propagating	light	[26].		





properties	 of	 the	 fiber.	 The	 curvature	 the	 fiber	 is	 summited	 to	 generate	 this	attenuation,	and	the	losses	are	negligible	up	to	a	critic	point	where	the	light	rays	finally	escape	 the	nucleus	because	 the	maximum	reflection	angle	 is	surpassed.	Hence	he	curvature	limits	the	losses	modifying	its	mechanical	parameters.	The	figure	2.3	illustrates	the	typical	losses	on	the	optical	fibers.			
	





convert	 it	 into	 an	 electrical	 current	 directly	 related	 to	 the	 targeted	 physical	magnitude	to	be	sensed.		The	figure	2.4	represents	the	three	main	components	of	the	sensor	system.		
	
Figure	2.4.		Sensor	system		The	 field	 of	 temperature	 sensors	 covers	 a	 high	 percentage	 of	 today´s	 world	sensor	market	due	to	the	large	number	of	applications	in	which	it	is	necessary	to	measure	temperature.	Because	this	project	is	working	inside	the	atmosphere	of	 a	 transformer,	 it	 is	 the	 ideal	 choice	 for	 a	 sensor,	 avoiding	 the	 interferences	and	adapting	to	the	environment.	The	measurement	will	be	done	studying	the	variation	of	 the	output	signal	when	modifying	 the	 temperature	 it	 is	 submitted	to.				 	





causes	an	intensity	modulation	of	light	propagating	through	an	optical	fiber.	The	propagating	 light	 will	 generate	 optical	 losses	 by	 light	 coupling	 into	 cladding	nodes,	depending	on	the	characteristics	of	the	surrounding	media	of	the	region.	For	evaluation	of	the	different	physical	magnitudes	it	is	possible	to	use	spectral	measurements.	This	measurands	concern	to	the	external	media	providing	high	versatility	for	the	intensity	based	sensors.		The	propagating	 light	beam	is	confinement	 into	a	region	of	 the	 fiber	core,	and	the	power	transfer	from	two	closely	placed	fiber	cores	can	be	used	to	produce	a	series	of	fiber	sensors	based	on	evanescence	field	effects,	called	Frustrated	Total	Internal	Reflection	(FTIR)	or	Attenuated	Total	Reflection	(ATR).	FTIR	approach	takes	 advantage	 of	 a	moving	medium	 close	 to	 the	 guiding	 layer	 in	which	 the	reflection	 at	 the	 boundary	 can	 be	 controlled,	 thus	 modulating	 the	 guiding	properties	of	the	optical	fiber	and,	therefore,	the	transmitted	power.	The	light	at	the	boundaries	has	as	an	effect	evanescent	fields	with	a	refractive	index	change.	This	 means	 part	 of	 the	 electromagnetic	 fields	 “enters”	 the	 other	 side	 of	 the	boundary.	 This	 happens	 for	 optical	 fibers	 in	 which	 the	 light	 is	 guided	 by	 the	inner	medium	refractive	index	(core)	but	a	small	percentage	of	the	field	travels	in	 the	 cladding.	 If	 removing	 this	 cladding,	 the	 guided	 light	 can	 modify	 the	properties,	interacting	with	the	measurand,	providing	a	basis	for	many	sensing	schemes.	 The	 biggest	 disadvantage	 of	 the	 field	 sensor	 is	 the	weak	 interaction	with	the	measurand	due	to	the	small	excursion	of	the	field	into	the	cladding.	The	field’s	strength	decreases	 in	an	exponential	way	outside	the	core	regardless	of	the	waveguide	shape	or	the	modal	distribution.	This	means	the	architecture	for	this	transducer	is	made	of	a	segment	of	optical	fiber	with	the	cladding	removed	or	side-polished	[8].			The	intensity	sensor	proposed	in	this	project	uses	a	macro-bending	structure.	It	is	based	on	a	curved	multimode	optical	fiber.	The	numerical	aperture,	which	is	temperature	 dependent,	 changes	 on	 the	 bent	 optical	 fiber.	 The	 thermo-optic	coefficients	depend	on	the	materials.	The	advantage	of	using	a	plastically	fiber	is	the	 large	diameters	of	 the	 former,	making	the	sensor	 less	 fragile	and	easier	 to	handle,	 reducing	 development	 and	maintenance	 cost.	 [29].	 A	 commercial	 step	index	 fiber	 with	 a	 good	 tensile	 strength	 and	 flexing	 is	 used.	 These	characteristics	 provide	 good	 mechanical	 properties	 at	 the	 time	 of	manufacturing	the	sensor.	From	the	middle	section	of	the	fiber	length,	the	buffer	coating	is	partially	stripped.	The	length	of	this	stripped	section	is	about	30mm.	The	fiber	sensor	is	formed	by	creating	a	single	180º	loop	with	a	concrete	bend	radius	[30].		The	 importance	 of	 the	 appropriate	 selection	 of	 wavelength	 means	 chemical	species	(in	liquid	and	gas	form)	can	be	directly	detected	through	the	absorption	of	the	evanescent	field.	












Figure	 2.5	 illustrates	 how	 failures	 increase	 as	 years	 go	 by,	 proving	 the	degradation	of	 the	 insulation	 strength,	 unable	 to	withstand	 system	event,	 and	the	 wear	 out	 and	 general	 ageing	 of	 components.	 The	 deficiency	 of	 the	transformer	 in	 the	 early	 years	 of	 its	 life	 is	 normally	 caused	 by	 design	 or	manufacturing	causes.			The	 biggest	 preventive	 measure	 of	 failure	 is	 to	 control	 the	 most	 influential	parameters.	Monitoring	the	temperature	[36]	allows	to	estimate	the	loss	of	life	caused	by	the	overheating.		
	





































In	 order	 to	 measure	 the	 temperature	 inside	 of	 a	 transformer,	 this	project	 proposes	 the	 use	 of	 an	 instrumentation	 systems	 based	 on	 an	 optical	sensor.	The	aim	is	the	temperature	data	acquisition	and	its	transmission	to	the	control	unit.	The	importance	of	measuring	the	temperature	in	these	machines	was	 previously	 explained	 in	 Chapter	 2.4	 Temperature	 Sensors	 Applications:	
Transformers,	 but	 it	 can	 be	 summarized	 in	 increasing	 the	 effective	 working	period	and	reducing	the	risks	of	failure.		Along	 with	 these	 failure	 risks,	 working	 with	 industrial	 components	 such	 as	these	ones	that	work	with	great	amounts	of	energy	can	make	it	dangerous	to	get	 close	 to	 them	 while	 being	 operative.	 This	 hardens	 the	 possible	 way	 of	getting	the	information	of	the	transformer	status.	The	small	size	of	the	sensor	allows	 locating	 it	 in	 the	 inside.	Moreover	 the	 user	 in	 charge	 of	maintenance	may	 remotely	 acquire	 the	 information	 in	 the	 control	 unit	 using	 a	 wireless	transmission	system.			The	 wireless	 communications	 uses	 modulated	 electromagnetic	 waves	 that	travel	through	space.	The	transmission	works	between	at	least	two	points,	an	emitter	and	a	receiver,	but	depending	on	the	protocol	 this	connection	can	be	up	 to	hundreds	 of	 nodes.	 The	only	physical	 objects	 composing	 these	models	are	the	devices	that	transmit	and	receive	the	signals	with	the	data,	an	ordinary	example	of	these	are	the	common	TV	antennas.			The	main	advantage	of	the	wireless	communication	is	the	no	need	for	cables,	but	 it	 also	 assures	 a	 fast,	 easy	 and	 clean	 installation.	 Less	wires	means	 less	complexity.	The	communication	points	are	referred	to	as	nodes,	and	are	able	to	compose	large	flexible	networks	and	quick	in	response.		The	mode	of	 communication	 is	 set	 by	 the	 selected	protocol.	 These	protocols	work	 with	 a	 common	 goal,	 the	 remote	 transmission,	 but	 have	 different	characteristics	 depending	 on	 the	 application	wanted.	 The	main	 features	 that	difference	the	protocols	are:		
Ø Frequency	range	
Ø Speed	rate	







	 Bluetooth	 is	 a	 technological	 specification	 for	 wireless	 networks	 that	allows	 voice	 and	 data	 transmission	 between	 different	 devices	 though	 a	 safe	radiofrequency.	 This	 technology	 permits	 communication	without	 connectors	or	 cables	 and	 the	 possibility	 of	 creating	 domestic	 nets	 to	 synchronize	 and	share	information	that	is	stored	in	different	equipment.		One	of	the	most	common	situations	that	uses	of	this	technology	is	when	people	in	 the	 same	 place	 exchange,	 normally	 pictures,	 with	 their	 respective	mobile	phones.	The	devices	connect	with	each	other	and	then	the	transfer	 is	carried	out.		
	
Figure	3.1.	Bluetooth	logo	[38]	The	term	Bluetooth	is	the	commercial	and	most	popular	denomination	of	the	standard	 wireless	 communication	 IEEE	 802.15.1.	 The	 first	 business	 that	investigated	 this	 technology	 was	 Ericsson,	 in	 charge	 of	 the	 leading	 the	association	 of	 business	 that	 was	 later	 created	 and	 included	 IBM,	 Nokia,	Microsoft	and	Motorola	among	others.		The	commissioning	of	this	standard	is	the	lowest	when	compared	to	the	other	models	(Wi-Fi	or	ZigBee).	The	start	up	depends	on	the	number	of	components	in	the	network,	and	is	limited	by	a	maximum	distance	between	them.			There	are	three	types	of	Bluetooth’s	modes,	depending	on	the	scope	permitted	between	the	connecting	devices	[38]:		
• Class	1:	100	meters.	
• Class	 2:10	 meters,	 and	 is	 the	 most	 frequent	 used	 in	 nowadays	society.	








The	 communication	 is	 established	 with	 a	 frequency	 hopping	 mechanism	(FHSS);	 it	proves	multiple	 frequencies	until	 finding	one	 that	works	properly.	This	mechanism	avoids	interference	in	difficult	environments.	Out	of	the	three	main	protocols	Bluetooth	is	the	less	reliable	of	all,	especially	when	working	with	networks	with	more	than	two	devices.	An	advantage	of	the	system	 is	 the	 encrypted	 system	 integrated,	 but	 it	 is	 only	 used	with	 data	 by	default	and	depending	on	the	size	of	the	exchange.		For	this	project,	the	scope	range	sets	a	limitation	that	discards	the	Bluetooth	as	an	option.	Also,	the	environment	in	which	the	project	will	be	carried	out	forces	the	use	of	a	rougher	technology,	able	to	stand	hostile	situations.					
3.2	Wi-Fi			 Wi-Fi	 is	 the	 commercial	 brand	 of	Wi-Fi	 Alliance,	 an	 organization	 that	adopts	 and	 certifies	 that	 the	 equipment	 meets	 the	 standards	 802.11	 of	wireless	networks	in	local	areas.	Wi-Fi	Alliance	was	known	as	WECA	(Wireless	Ethernet	Compatibility	Alliance)	until	2003.	
	















	ZigBee	 is	a	 specification	of	mesh	network	 for	wireless	 local	nets	of	 low	power	that	cover	large	areas.	It	is	being	designed	to	provide	high	performance	of	data	 communication	 in	 applications	with	 low	working	 cycle	 and	a	 required	low	 consumption.	 It	 is	 frequently	 use	 for	 industrial	 automatizing	 and	 in	 the	operation	of	physical	plants.		
	













One	of	the	greatest	features	of	the	ZigBee	standard	is	the	ability	of	the	nodes	to	automatically	organize	their	communication	routes	and	finding	the	optimized	path	by	themselves	which	leads	to	very	flexible	and	easily	editable	networking	topologies.	 The	 user	 may	 alter	 the	 network	 when	 needed,	 and	 the	 already	established	nodes	will	automatically	adapt	to	those	changes.		The	ZigBee	protocol	has	a	temperature	range	for	operation	ranging	from	-40ºC	to	 85ºC,	 and	 has	 three	 different	 network	 topologies	 with	 different	characteristics	that	make	the	system	adaptable	to	the	required	situation.		 The	network	distribution	topologies	are	[42]:		 1. Star:	 presents	 a	 long	 useful	 life	 as	 a	 consequence	 of	 the	 low	consumption	 required.	 It	 is	 commonly	 used	 because	 of	 its	 great	advantage	 of	 simplicity.	 The	 configuration	 forms	 a	 star	 without	outlying	 nodes	 communicating	 with	 a	 central	 node.	 The	coordinator	has	the	primary	control,	and	the	end	devices	monitor	their	applications	and	report	them	to	the	coordinator.		 	
	







3. Cluster	Tree:	this	topology	combines	the	two	previous	ones,	Mesh	and	Star,	obtaining	the	benefits	from	both.	Several	small	clusters,	a	 small	 selection	of	 a	 bigger	network,	 are	present	 and	 enable	 to	communicate	with	 each	 other.	 A	 single	 coordinator	may	 control	the	 clusters,	 or	 each	 cluster	 can	 have	 its	 own	 individual	coordinator	that	is	able	to	communicated	with	the	other	ones.	It	is	possible	 to	 choose	 one	 of	 these	 clusters	 coordinators	 to	 control	the	rest.		
	
Figure	3.6.	Tree	network	distribution	[42]	The	nodes	do	not	need	to	be	continually	emitting,	and	can	be	set	to	work	for	a	determined	 period	 of	 time,	 or	 even	 take	 samples	 every	 once	 in	 a	 while,	entering	a	stand-by	mode	when	is	not	being	used.	The	 low	power	device	has	enable	 battery	 life	 to	 be	 measured	 in	 years,	 enabling	 the	 network	 to	 not	require	 constant	 maintenance.	 This	 reduces	 the	 node	 consumption,	 and	extends	the	active	life	of	the	devices.			From	the	previous	figures	3.4,	3.5	and	3.6	we	can	observe	different	types	of	devices	in	a	ZigBee	network.	These	are:		
• Coordinator	 (ZC):	 the	 most	 complete	 type.	 It	 is	 in	 charge	 of	controlling	 and	monitoring	 the	 established	 the	 network	 and	 the	transmission	paths,	 the	 communication	 channels	 that	 the	 rest	of	the	devices	must	follow	to	connect	between	one	another.	There	is	only	 one	 coordinator	 per	 net,	 storing	 the	 network	 information	and	repository	of	the	security	keys.	It	may	also	work	as	a	router	in	the	net.	 There	 are	 two	 coordinator	 types	 based	on	 its	 operation	scope.		
- The	PAN	(Personal	Area	Network)-	coordinator	that	acts	as	coordinator	for	the	entire	net.		
- Ordinary	 coordinator	 that	 works	 within	 the	 scope	 of	 the	cluster.		





be	 in	 charge	 of	 the	 message	 routing,	 and	 can	 act	 as	 an	intermediate	router	passing	data	on	from	other	devices.		
• End	Device	(ZED):	it	has	the	functionality	of	communicating	with	the	 coordinator	 node	 but	 cannot	 transfer	 information	 to	 other	devices,	 which	 means	 it	 cannot	 be	 associated	 with	 each	 other.	Does	not	participate	in	the	message	routing	and	has	low	memory	requirements,	 which	 makes	 the	 cheapest	 device.	 Usually	 works	with	sensors	that	acquire	the	data.	It	has	a	low	consumption	due	to	the	capability	of	using	a	“sleep	mode”	that	activates	the	device	only	 when	 required,	 increasing	 the	 efficiency	 and	 the	 batteries	life.	It	has	two	different	functionality	types:		
- Full	 function	 device	 (FFD):	 known	 as	 active	 node.	 It	 can	receive	messages	 on	 the	 802.15.4	 format.	 Along	with	 the	end	device	capacity	it	can	also	work	as	a	PAN	coordinator,	coordinator	or	a	router	in	the	network.	





3.3.1	XBee	Modules			 XBee	 is	 the	 commercial	 name	 of	 radio	 frequency	 communications	modules	 made	 by	 the	 DIGI	 industry	 [43].	 DIGI	 International	 is	 an	 industry	based	 on	 the	 modem	 development	 of	 connection	 of	 wireless	 nets.	 The	MaxStream	 industry	 belongs	 to	 DIGI,	 and	 it	 has	 wireless	 modem	 modules,	radio	 independent	 modems,	 radiofrequency	 design	 services	 and	 adequate	software	to	manipulate	them.		It	is	based	on	the	ZigBee	communication	protocol,	and	even	though	there	are	some	 that	 are	 configured	 by	 the	 manufacturer	 most	 modules	 use	 the	 net	protocol	standard	IEEE	802.15.4.		The	XBee	modules	have	been	designed	for	applications	that	require	high	data	traffic,	 low	 laitance	 and	 predictable	 communication	 synchronization.	 These	needs	are	fulfilled	with	the	ZigBee	features,	so	that	is	why	the	XBee	are	based	on	this	protocol.	The	modules	are	wireless	devices	easy	to	use	[43].			There	are	two	main	modules:	regular	and	PRO,	having	the	latter	a	longer	scope	range,	around	1,6	km,	but	also	has	a	higher	power	consumption.	The	hardware	difference	 between	 them	 is	 the	 size	 of	 the	 chip,	with	 the	 PRO	module	 being	longer	than	the	regular.			The	modules	 are	 small	 chips	 capable	 of	 communicating	wirelessly	 one	with	another.	 There	 are	 integrated	 solutions	 for	 a	wirelessly	 intercommunication	and	communication	between	devices.			 	From	the	IEEE	802.15.4	standard	the	XBee	modules	work	with	a	2,4	GHz	range	and	100	meters	scope	reach	on	open	field.	The	sensitivity	of	the	receivers	has	a	low	 value	 of	 -92	 dB,	 reducing	 the	 consumption	 of	 energy	 and	 providing	 a	greater	reach.		
	
Figure	3.7.	XBee	Pro	module	[44]	The	hardware	of	the	modules	can	be	observed	in	the	figure	3.7	and	works	as	antennas	for	the	transmission.	There	are	different	types	of	antennas	[45]:		





attenuated	 in	 a	 lot	 of	 directions.	The	most	 frequent	use	 is	when	there	is	a	small	place	to	locate	it.	
• Wire	 antenna:	 a	 small	 cable	 that	 sticks	 out.	 The	 maximum	transmission	distance	is	the	same	in	all	directions.	
• u.FL	 /	 RP	 SMA	 (RP	 type	 of	 connector	 subminiature	 version	 A)	antenna:	 both	 types	 have	 a	 small	 connector	 for	 an	 external	antenna.	These	modules	are	designed	for	situations	that	require	a	special	 antenna	 or	 to	 place	 it	 in	 different	 locations.	 The	 only	difference	between	them	is	the	size	of	the	connector.	
• PCB	antenna:	the	antenna	is	printed	on	the	XBee	plate.			The	pins	observed	in	the	figure	3.7	require	minimal	connections.	It	is	powered	at	3,3	V,	unlike	the	Arduino	plate	which	needs	5V.	However	when	connecting	the	modules,	the	XBee	adapts	to	the	Arduino	3,3V	pin	and	uses	it	as	source.		The	XBee	modules	have	to	be	configured	before	their	use.	The	working	mode	has	 to	 be	 set;	 the	 different	 types	 will	 be	 later	 explained	 on	 this	 chapter.	 In	order	to	do	this	configuration	DIGI	offers	a	free	software	tool	called	XCTU	[46]	that	 allows	 to	 simply	 setting	 the	 firmware	 of	 the	modules.	 The	modules	 can	create	 a	mesh	network,	 for	which	 each	device	will	 be	 addressed	using	 again	the	XCTU	software.		The	configuration	is	done	with	a	serial	communication	between	the	computer	and	the	XBee.	Like	in	the	ZigBee	protocol,	XBee	has	two	addressing	modes:	it	may	 either	 use	 16	 or	 64	 bits.	 The	 greater	 number	 allows	 the	 connection	 of	more	 devices	 to	 the	 network	 (2!" = 1,84 · 10!"),	 but	 the	 addresses	 of	 the	devices	 cannot	 be	 defined	 randomly	 by	 the	 user	 and	 are	 set	 before	 its	 use.	When	 working	 with	 16	 bits	 the	 programmer	 may	 set	 the	 address	 of	 each	component,	using	the	MY	command	in	XCTU	[45].		The	device	 types	are	 the	 same	as	 in	 the	ZigBee	standard	with	a	 coordinator,	router	 and	 end	 device,	 but	 as	 an	 improvement	 XBee	 allows	more	 operation	modes,	as	previously	mentioned,	which	are	the	following:		





• Sleep	Mode:	This	is	the	stage	the	XBee	reaches	a	low	consumption	state	when	 it	 is	not	active.	These	modes	are	disabled	by	default,	remaining	 in	 a	 resting	 or	 reception	 state,	 but	 always	 ready	 to	answer	 to	 a	 command.	 The	 configuration	 of	 this	 command	 is	established	with	the	SM	command	in	the	XCTU	software.		
• Command	Mode:	This	mode	allows	 integrating	AT	 commands	 to	the	XBee	module,	in	order	to	modify	or	configure	parameters.	To	be	 able	 to	 enter	 the	 commands	 it	 is	 necessary	 to	 use	 the	 XCTU	software.		
• Transparent	mode:	in	this	mode	all	the	data	enter	through	the	pin	3	 in	 the	module,	 is	 safe	 to	 an	 input	 buffer	 and	 the	 transmitted.	Everything	that	enters	as	a	radiofrequency	package	is	saved	to	the	output	buffer	and	then	sends	by	pin	2.	This	mode	is	oriented	for	point-to-point	communications,	where	there	is	no	control	need.	It	is	the	simplest	available	configuration.		
• API:	 it	 is	 the	 most	 complex	 method.	 It	 allows	 the	 use	 of	 head	frames	 that	 assure	 the	 delivery	 of	 the	 data.	 It	 extents	 the	possibility	of	interaction	between	the	application	and	user.	All	the	information	entering	and	leaving	the	module	is	packed	in	frames	that	define	operations	and	events	 inside	 the	module.	 It	provides	alternatives	 for	 the	 module	 configuration	 and	 routing	 of	 the	information	 in	 the	 user	 application.	 It	 allows	 the	 mode	 to	automatically	modify	the	addresses	instead	of	using	the	command	mode.	The	operations	this	mode	permits	are:		
- Transmit	 data	 to	multiple	 destinations,	without	 using	 the	command	mode.	
- Receive	 the	 state	 of	 the	 transmitted	 information	(received/failed).	
- Identify	the	origin	address	of	each	received	packet.		
• Idle	Mode:	When	the	device	is	not	in	any	of	the	other	modes.	It	is	not	receiving	or	transmitting	data,	the	RF	modem	is	in	Idle	Mode.	The	modem	 shifts	 into	 the	 other	modes	 of	 operation	 under	 the	following	conditions:	
- Transmit	Mode	(Serial	data	is	received	in	the	DI	Buffer)	
- Receive	 Mode	 (Valid	 RF	 data	 is	 received	 through	 the	antenna)	
- Sleep	Mode	(Sleep	Mode	condition	is	met)		The	configuration	process	includes	the	typology	the	network	will	follow	[47]:		





using	 the	 MY	 command,	 which	 is	 going	 to	 communicate	 with	 a	different	 one	 with	 address	 DL,	 also	 randomly	 defined.	 In	 this	mode	 the	 receptor	 module	 sends	 a	 package	 to	 the	 origin	 one	indicating	 that	 the	 data	 was	 correctly	 received.	 In	 order	 to	establish	this	communication,	the	modules	have	to	be	in	the	same	channel	(CH)	and	the	same	network	(ID).			
	
Figure	3.8.	Point-to-point	communication	configuration	[47]		
• Point-	to-	multipoint:	In	this	model	the	module	can	communicate	with	 one	 or	 multiple	 modules	 located	 in	 the	 same	 network.	 It	offers	 more	 security	 to	 the	 network	 than	 the	 broadcast	 mode,	because	 it	 needs	 the	 modules	 addresses	 to	 communicate.	 The	communication	uses	the	MY	and	DL	commands	like	the	point-to-point	 typology,	 but	 will	 require	 two	 more	 commands.	 The	 first	one	 is	 the	 ID	of	 the	PAN.	All	 the	modules	with	 the	 same	PAN	 ID	will	 belong	 to	 the	 same	 network.	 The	 ID	 command	 is	 used	 to	establish	the	value	of	the	PAN,	with	a	range	from	0x0	to	0xFFFF	in	hexadecimal	 format,	 because	 the	 configuration	 of	 point-to-multipoint	uses	16	bits	for	addressing.	The	other	command	is	CH	and	 corresponds	 to	 the	 assignation	 of	 the	 channel	 by	which	 the	modules	 are	 going	 to	 communicate.	 There	 are	 16	 channels	available,	establish	by	the	standard	IEEE	802.15.4.		Each	module	has	a	different	MY	address,	but	the	same	CH	and	ID.	This	 mode	 allows	 a	 more	 control	 communication,	 because	 in	order	to	perform	the	transmission	all	the	module	address	must	be	known.		This	connection	uses	a	central	node	as	coordinator	and	the	rest	of	the	nodes	as	end	devices	connect	it	to	the	coordinator.	
- Coordinator:	 is	 the	 central	 node	 of	 the	 net.	 Initializes	 the	network	and	allows	other	devices	to	connect.	It	can	select	the	 channel	 frequency	 and	 the	 net	 synchronization.	 In	order	 to	 establish	 it	 as	 coordinator	 the	 command	 CE	(command	enables)	has	to	be	set	as	1.	







• Broadcast:	 allows	 sending	 the	 information	 from	 a	 node	 to	multiple	 nodes	 on	 the	 same	network,	 but	 the	 information	 is	 the	same	to	all	of	 them.	The	configuration	of	 the	modules	requires	a	broadcast	 address,	 so	 any	 module	 receiving	 the	 data	 from	broadcast	address	destiny	must	accept	it.	This	address	is:	DL:	0x0000FFFF	DH:	0x00000000	This	address	is	configured	in	all	the	nodes	of	the	network,	for	both	types	16	or	64	bits.			
	
Figure	3.10.	Broadcast	communication	configuration	[47]	





saving	advantage,	and	is	frequently	use	for	devices	with	a	secure	power	 source.	 The	 beacon	 connection	 uses	 autonomous	powering,	like	external	batteries.				
3.3.1.1	XBee	Shield		 The	 shields	 are	 circuit	 attachable	 plates	 to	 add	 functionalities	 to	 the	Arduino.	 It	 allows	 extending	 the	 hardware	 and	 communicating	 with	 the	Arduino	either	through	analogical	and	digital	ports,	or	with	buses	such	as	SPI	(Serial	Peripheral	 Interface)	or	 series	ports.	 It	uses	 the	 same	powering,	with	5V	and	a	ground	connection.	The	shield	must	have	the	same	factor	form	as	the	plate	is	being	attached	to,	with	a	concrete	pins	spacing.		The	 XBee	 antennas	 can	 be	 attached	 to	 one	 of	 these	 shields	 to	 establish	 the	communication	 between	 the	microprocessor	 in	 the	Arduino	 board	 acquiring	the	data,	which	will	then	be	passed	on	to	the	antennas	for	its	transmission.		 The	specific	XBee	shields	allow	an	Arduino	board	to	communicate	wirelessly	using	ZigBee,	based	on	the	XBee	module	from	MaxStream.	The	communication	has	 a	 reach	 of	 a	 100	 and	 300	 meters,	 inside	 or	 outdoors	 respectively.	 The	connection	 can	 use	 either	 an	 USB/serial	 or	 command	 mode	 configuration,	establishing	mesh	 network.	 It	 provides	 female	 pin	 headers	 for	 use	 of	 digital	pins	2	to	7	and	the	entire	line	of	analog	pins	on	the	board	[48].		The	creation	of	 the	network	uses	 the	XBee	technology	to	establish	 the	nodes	composing	it,	using	the	addresses	of	the	modules.	The	shield	permits	to	adapt	the	 communication	 technology	 to	 the	 sensors,	 creating	 a	 monitoring	environment.			The	addressing	includes	the	configuration	of	the	commands	CH	and	ID,	which	for	devices	in	the	same	network	have	to	have	the	same	value.	The	destination	and	origin	addresses	are	set	with	the	MY,	DL	and	DH	commands,	different	for	each	 node	 in	 order	 to	 establish	 the	 data	 transmission	 between	 one	 another.	There	are	default	settings	 for	 the	communication,	and	 three	possible	options	[48]:		
• If	a	module's	DH	is	0	and	its	DL	is	less	than	0xFFFF	(i.e.	16	bits),	data	transmitted	by	that	module	will	be	received	by	any	module	who’s	16-bit	address	MY	parameter	equals	DL.	
• If	DH	is	 0	 and	DL	equals	 0xFFFF,	 the	module's	 transmissions	will	 be	received	by	all	modules.	





The	XBee	shield	can	communicate	two	different	ways,	in	order	to	establish	the	mode	 it	 uses	 two	 jumpers	 located	 on	 the	 shield.	 These	 jumpers	 are	 small	removable	plastic	sleeves	that	fit	into	the	two	of	the	three	external	pins	called	XBee/	 USB.	 The	 difference	 between	 these	 modes	 is	 to	 what	 the	 XBee	 is	connected	 to:	 either	 the	 microcontroller	 on	 the	 Arduino	 board,	 or	 the	 USB	serial	chip	on	the	board	[49].	
	
Figure	3.11.	XBee	shield	board	[49]	
• The	XBee	position:	the	hardware	in	this	case	covers	with	the	jumpers	the	two	pins	towards	the	interior	of	the	board.	This	means	the	DOUT	pin	in	the	XBee	is	connected	to	the	RX	pin	of	the	microcontroller	and	the	DIN	to	the	TX,	of	the	same	components	respectively.	The	RX	and	TX	pins	of	the	microcontroller	are	connected	to	the	TX	and	RX	pins	of	the	 FTDI	 chip	 respectively.	 This	 means	 the	 data	 sent	 from	 the	microcontroller	is	transmitted	to	the	computer	through	the	USB	and	being	 also	 sent	wirelessly	 by	 the	 XBee	module.	 This	mode	 disables	the	microcontroller,	which	will	only	be	able	to	receive	data	from	the	XBee	module	and	not	from	the	computer	through	the	USB,	





































		 The	PoF	system	is	composed	of	a	high	power	laser	diode,	the	optical	fiber	and	a	photovoltaic	cell	(PV	cell).	The	PV	converter	remotely	receives	the	optical	power	 and	 converts	 it	 into	 power	 electricity.	 It	 has	 a	 great	 efficiency	performance	and	no	requirement	for	any	kind	of	biasing.		When	 developing	 this	 system,	 it	 is	 important	 to	 make	 sure	 the	 laser	 diode	wavelength	 matches	 the	 PV	 converter	 efficiency	 and	 the	 optical	 fiber	attenuation.	It	also	has	to	be	considered	the	appropriate	level	of	injected	optical	power	to	avoid	a	phenomenon	of	fiber	fuse,	and	to	control	the	power	dissipation	in	both	cell	and	receiving	element.			The	 sizing	 of	 the	 cell	 plays	 an	 important	 role,	 especially	 when	 working	 with	endoscopic	 applications,	 which	 require	 relatively	 high	 efficiencies	 and	miniaturization.		
	
Figure	4.1	Block	diagram	of	generic	PoF	system	[51]	The	 figure	 4.1	 provides	 a	 visual	 image	 of	 all	 the	 elements	 composing	 a	 PoF	system:		
Ø Optical	 Source:	 the	 optical	 source	 is	 the	 high	 power	 laser	 diode.	 This	device	is	a	semiconductor	that	uses	p-n	joints	similar	to	LEDs,	but	with	a	special	 configuration	 that	 under	 adequate	 conditions	 is	 able	 to	 emit	 a	light	that	can	reach	high	intensity.		





Ø Transmission	media:	the	optical	 fiber	 is	the	transmission	media	formed	with	 a	 nucleus	 and	 a	 cladding	 of	 materials	 with	 different	 refraction	indexes,	and	a	total	reflection	with	few	losses.						
4.3	DEVELOPED	SYSTEM	





between	the	transmitter	output	and	receiver	input	was	assumed	for	the	200um-	core	diameter	multimode	optical	 fiber	at	 the	operating	wavelength.	We	define	𝑃!"!#!" 	as	the	electrical	power	consumed	by	the	HLPD	driver	that	includes	mainly	both	the	laser	diode	and	a	Peltier-based	temperature	control	loop.	𝑃!"!#!" 	defines	the	 power	 consumption	 of	 the	 HPLD	 itself.	 Finally	𝑃!"!#!" 	corresponds	 to	 the	electrical	 power	delivered	by	 the	 cell	 after	 the	 electrical-to-optical	 conversion	process.	The	optical	power	balance	of	the	PoF	system	can	be	expressed	as:		
Pin (dBm) = Pout (dBm)+ Att dB( ) 	 (4.1)		















































	 For	the	whole	implementation	of	the	instrumentation	system,	the	project	was	 divided	 in	 different	 stages,	 illustrated	 in	 fig.5.1.	 The	 separation	 of	 the	processes	 will	 ease	 the	 development	 and	 assure	 all	 the	 components	 are	working	correctly	before	moving	onto	the	next	stage.			
	
Figure	5.1.	System	stages	
Ø The	 temperature-sensing	 block	 refers	 to	 the	 design	 of	 the	 optical	sensor,	 including	 both	 the	 emitter	 and	 receiver	 driver	 circuits.	 The	design	procedure	includes	the	theoretical	analysis	of	the	circuits,	and	the	selection	of	the	most	appropriate	devices	composing	it,	including	the	 parameters	 values	 (such	 as	 resistances).	 Once	 the	 models	 are	analyzed	 and	 their	 responses	measured	 theoretically,	 a	 second	 test	trial	 is	 done	 using	 the	 virtual	 simulator	 Multisim	 that	 tests	 the	circuit’s	 response	 under	 ideal	 circumstances.	 This	 finalizes	 the	theoretical	 analysis	 of	 the	 design,	 and	 is	 when	 the	 experimental	development	 starts.	 This	 is	 done	 using	 the	 Electronica	 Department	resources	 in	 the	 university,	 which	 allows	 building	 the	 circuits	 and	measuring	its	output	signals.	In	order	to	make	sure	the	system	model	is	 working	 correctly,	 and	 meets	 all	 the	 requirements,	 the	 obtained	experimental	 values	 are	 compared	 to	 the	 ones	 previously	theoretically	obtained.	Once	it	is	assured	that	each	individual	system	is	working	 as	 desired,	 the	 next	 step	 is	 the	 development	 of	 the	 fiber	optic	sensor.	The	coating	will	be	pealed	of	and	the	fiber	modified	with	a	 macrocurtvature	 design.	 After	 polishing	 the	 fiber	 each	 end	 is	connected	 to	 one	 of	 the	 light	 emitter/receiver	 units,	 having	 a	 full	sensor	system.		
Ø 	The	 communication	design	 includes	 the	 following	 two	blocks:	Data	
acquisition	and	transmission	and	Data	reception	and	processing,	respectively.	 The	 selected	 data	 transmission	 is	 based	 on	 the	 ZigBee	wireless	communication	protocol	and	will	use	 the	XBee	modules	 for	the	adaptation	to	the	sensor.		The	implemented	sensor	network	will	be	composed	of	two	nodes,	one	acting	as	a	central	node	whereas	the	other	will	act	as	a	remote	sensing	node,	 so	 it	 will	 use	 a	 point-to-point	 communication	 topology.	 The	remote	 sensing	 node	 will	 be	 referred	 to	 as	 the	 emitter	 node.	 The	central	 node	will	 work	 as	 the	 receiver	 of	 the	 information	 data,	 and	will	 be	wired-connected	 to	 the	 computer,	which	will	 have	 an	 active	control	 interface	 during	 the	 transmission.	 Each	 node	will	 include	 as	components:	one	Arduino	One	board,	one	XBee	module	and	one	XBee	shield.		






- The	 emitter	 node,	 which	 corresponds	 to	 the	 Data	
acquisition	 and	 transmission	block,	will	be	connected	to	 the	 optical	 sensor	 through	 the	 Arduino	 board.	 The	microprocessor	 will	 obtain	 the	 values	 from	 the	 sensor,	will	 convert	 them	 into	 a	 digital	 package	 and	 then	transmit	 them	 to	 the	 XBee	module,	which	will	 transmit	the	 package	 to	 the	 established	 destiny	 address	 (the	receiver).	
- The	receiver,	which	corresponds	to	Data	reception	and	
processing	block,	will	receive	the	data	package	from	the	emitter	and	will	transmit	it	to	the	computer	through	the	serial	communication	of	the	USB	port.		All	the	components	of	the	communication	require	their	own	software	configuration.	 The	 Arduino	 microprocessor	 will	 have	 to	 be	programmed	 in	 the	 emitter	 node.	 And	 both	 XBee	 modules	 need	 to	have	 their	 commands	 set	 up,	 including:	 origin	 and	 destination	addresses,	 the	 channel	 settings,	 the	 identification	 and	 the	 type	 of	devices	they	are	(the	role	they	play	on	the	network).		











For	 a	 better	 understanding	 of	 the	 different	 stages	 illustrated	 in	 Fig	 5.1	 each	block	will	be	described	independently	and	in	detail	in	the	following	chapters.		
Chapter	6:	Sensor	Design	 à	 Temperature	sensing.	





























































A	sensor	is	a	device	capable	of	detecting	actions	or	any	kind	of	external	perturbations,	and	responds	to	them	consequently.			 	Sensors	are	gadgets	 that	allow	obtaining	 information	about	 the	environment	and	 interact	 with	 it.	 They	 work	 like	 the	 human	 sensorial	 system,	 but	 for	machines	and	robots.			This	 project	 requires	 the	 design	 of	 a	 sensor	 capable	 of	 measuring	 the	temperature.	 These	 types	 of	 sensor	 measure	 changes	 taking	 place	 on	 the	current	signal	of	the	circuits,	based	on	the	temperature	variation	affecting	the	sensor	head,	this	means	the	temperature	the	sensor	is	submitted	to.		The	 selected	 sensor	 for	 this	 project	 operates	 in	 the	 optical	 domain	 and	employs	 a	 plastic	 optical	 fiber	 to	 perform	 a	 macro-bend	 optical	 intensity	sensor.	It	encodes	the	temperature	information	into	an	optical	magnitude,	and	particularly	 into	 optical	 power,	 i.e.	 light	 intensity,	 variation.	 Its	 principle	 of	operation	was	described	in	a	former	section.		A	scheme	of	the	fiber	sensor	design	is	represented	in	Fig.	6.1.	The	emitter	and	receiver	 are	 connected	 via	 a	 plastic	 optical	 fiber	 in	which	 a	macro-bend	has	been	 done	 thus	 obtaining	 light	 intensity	 variations	 as	 temperature	 changes.	Finally,	 the	 electrical	 magnitude	 obtained	 at	 the	 receiver	 circuit	 is	 directly	related	to	the	temperature	variations	affecting	the	optical	sensor.		
	





These	previous	procedures	set	a	 foundation	of	 the	expected	results	 from	the	experimental	development.	The	principal	aim	of	the	theoretical	analysis	is	the	selection	 of	 the	 most	 suitable	 design	 for	 the	 experimental	 circuits.	 Once	implemented	the	system,	the	output	signals	will	be	measured	and	compared	to	the	theoretical	results,	to	make	sure	is	working	correctly.					












	 6.1.1	Led	Selection	 		One	 of	 the	main	 elements	 of	 the	 sensor	 is	 the	 optical	 source,	 which	 is	responsible	 of	 converting	 the	 electrical	 signal	 into	 an	 optical	 one	 for	 its	 later	transmission.			When	 selecting	 the	most	 suitable	 LED	 for	 the	 sensor,	 different	 characteristics	had	 to	 be	 taken	 into	 account,	 analyzing	 primarily	 the	 optical	 fiber	characteristics	as	well	as	its	attenuation	coefficient,	i.e.	power	losses,	depending	on	the	material	from	which	the	fiber	is	made.	The	 attenuation	 is	 expressed	 as	 Eq.	 6.2	 and	 defines	 the	 power	 loss	 during	 its	propagation	throughout	the	optical	fiber:			 𝐴𝑡𝑡 = 𝛼[𝑑𝐵] = −10 · 𝑙𝑜𝑔𝑃!"#[𝑊]𝑃!"[𝑊] 		 (6.2)	Where	Pout	and	Pin	stand	for	the	power	output	and	power	input,	respectively.	Considering	 an	 optical	 fiber	 distance	 unit,	 the	 attenuation	 coefficient	 of	 an	optical	 fiber	 can	 be	 given	 in	 terms	 of	 dB/km	 (or	 dB/m	 alternatively).	 Just	checking	 the	 optical	 fiber	 attenuation	 spectrum	 one	 could	 select	 a	 proper	operating	 wavelength	 to	 transmit	 light	 via	 an	 optical	 fiber,	 and	 so	 with	 the	optical	source			In	 order	 to	 select	 the	 best	 LED	 option	 for	 this	 sensor	 system,	 an	 analytical	comparison	between	two	LEDs	was	done:	the	green	LED	IF-E93	and	the	red	LED	IF-E96	[55].	Both	devices	are	from	the	same	company,	with	a	connector	adapted	to	the	optical	fiber,	but	each	work	with	different	wavelengths.		
	 λ	[nm]	 PLed	[µW]	 I	[mA]	
Green	Led	[IF-E93]	 522	 465	 20	
Red	Led	[IF-E96E]	 645	 325	 20	



























This	figure	6.5	shows	the	final	theoretical	results	of	the	whole	emitter-receiver	set,	 using	 the	 ideal	 values	 from	 each	 datasheet	 and	 the	 attenuation	 values	mentioned	before.	The	tittle	colors	refer	to	the	LEDs	color.				 	
	The	figure	6.6	is	an	image	of	the	appearance	of	the	selected	LED,	IF-E93.	It	can	be	observed	an	external	holder	that	permits	inserting	the	fiber	and	attaching	it	securely,	holding	in	it	there	and	assuring	the	wire	is	well	placed	and	covering	it	with	the	rest	of	the	component,	so	the	transmission	between	the	two	can	be	as	efficient	as	possible.					













𝐼!"# = 𝐼! = 𝐼! = 20 𝑚𝐴	 	This	 sets	 all	 the	 theoretical	 values	 known.	 The	 following	 step	 is	 to	 take	 the	different	 stages	 of	 the	 circuit,	 and	 using	 the	 electrical	 theories	 for	 each	component	 obtain	 their	 respective	 equations	 and	 analyze	 the	 results	 for	 the	design	developing.		In	the	first	stage	it	was	applied	the	Kirchhoff	laws	and	the	equations	for	a	BJT	transistor,	obtaining	the	next	results:		 𝑉!! = 𝑅! · 𝐼! 	 (6.4)		𝑉!! = 𝑉! + 𝑉!" + 𝐼! · 𝑅!		 (6.5)		 	 𝑉!" = 𝑉!! − 𝑉! − 𝐼! · 𝑅! >  𝑉!"#$%		 (6.6)		From	the	equation	6.4	and	6.6	we	determined	a	 threshold	of	 the	R1,	 limiting	the	values	that	will	work	maintaining	the	transistor	in	the	active	state.		 80 Ω	<	R1<250 Ω		The	 80  Ω and	 250  Ω 	values	 were	 the	 result	 of	 the	 equation	 6.4	 and	 6.6	respectively.	 The	 equation	 6.6	 comes	 from	 the	 clearing	 of	 6.5,	 because	 the	desired	value	was	𝑉!" ,	 in	order	to	apply	the	theory	transistor	requirement	of	VCE	>	VCEsat,	to	maintain	the	active	state	in	the	component.		
	











From	figure	6.8	it	is	possible	to	determine	that	the	best	value	for	the	system	is	the	 smallest	 possible,	 80 Ω.	 It	 assures	 that	 the	 circuit	 current	 for	 the	 LED	 is	20mA,	and	a	working	transistor	stable	in	its	active	state.			The	 experimental	 resistances	 have	 standard	 values	 that	 mean	 there	 is	 no	80Ω resistance	available.	It	had	to	be	greater	than	80 Ω,	and	the	closer	existing	value	is	82 Ω,	so	it	was	determined	that:	R1=	82 𝛀.		The	value	of	R2	was	determined	from	the	equation	6.8	and	6.9,	both	from	the	theoretical	performance	analysis	of	the	transistor.		 𝐼! = 𝛽 · 𝐼! 		 (6.8)	
	𝐼! · 𝑅! = 𝑉!" + 𝐼! · 𝑅!		 (6.9)	Knowing	that	𝛽=	200,	from	the	2N2222	datasheet,	and	using	the	R1	previously	determined	 (82 Ω),	 the	 equations	 determine	 that	 the	 value	 for	𝐼! =	0,1	 mA,	and	so	the	definitive	value	of:	R2	=2,7 𝐤𝛀.				
	






Figure	6.9.		Emitter	driver	circuit	The	 measurements	 obtained	 from	 the	 experimental	 circuit	 were	 compared	with	both	the	theoretical	and	the	simulation	results	to	make	sure	the	emitter	driver	was	working	as	expected,	and	the	performance	was	correct.			
Experimental	Values	
	
IC	 19,18	mA	 VF	 3,4	V	
IE	 19,4	mA	 VCE	 0,06	V	




IC	 16,958	mA	 VF	 3,4	V	
IE	 17,1	mA	 VCE	 162,02	mV	




IC	 20	mA	 VF	 3,1	V	
IE	 20	mA	 VCE	 0,26	V	
IB	 100	µA	 VBE	 0,7	V	





exact	values	of	the	resistances,	which	have	a	tolerance	that	can	vary	the	result.	When	experimentally	measuring	the	used	resistances	the	values	obtained	with	the	ohmmeter	were	R1=	82,5 Ω	and	R2=	2,72 kΩ,	respectively,	proving	the	not	ideal	conditions.		It	 can	 be	 appreciated	 that	 there	 is	 a	 small	 variation	 in	 some	 of	 the	 results,	which	could	be	due	 to	different	anomalies.	When	comparing	 the	values	of	 IB,	the	experimental	result	appears	to	be	considerably	lower	than	the	theoretical	calculations;	 this	may	 be	 due	 to	 value	 of	𝛽	applied,	which	 is	 different	 to	 the	assumed	value	of	200	(in	the	theoretical	analysis).	Even	so	the	circuit	works	properly,	the	LED	was	immediately	emitting	a	green	light	when	connecting	it	to	the	power	source.					
6.2	SENSOR	
	





only	 useful	 for	 protection	 purposes	 against	 external	 risks	 or	 degradation	factors,	mainly	humidity.			
	


















	The	 sensor	 system	 is	 composed	 of	 two	 circuits	 in	 order	 to	 adapt	 the	signal.	The	receiver	circuit	is	composed	of	the	devices	that	transform	any	given	magnitude	into	electrical	ones.			 	The	main	component	of	 the	receiver	circuit	 is	 the	photodiode,	which	converts	the	 optical	 input	 signal	 into	 an	 electrical	 signal,	 creating	 the	 current	 that	will	travel	through	the	circuit.	The	used	photodiode	is	 IF-	D91,	which	was	selected	because	of	its	adaptation	to	the	optical	fiber.		The	photodiodes	are	use	in	a	great	variety	of	applications	to	transform	light	into	electrical	 current.	 For	 applications	 that	 require	 high	 velocity	 and	 an	 elevated	dynamic	 scope	 are	 often	 used	 amplifier	 transimpedances	 circuits	 that	 include	photodiode	 devices.	 The	 figure	 6.12	 shows	 the	 design	 of	 this	 project	 receiver	circuit	 for	 the	 sensor,	which	 is	 a	 trans-impedance	 circuit,	with	 its	 amplifier,	 a	resistor	and	a	photodiode.		
	















voltage	than	is	getting,	and	will	no	longer	be	amplifying	the	signal.	Also,	with	a	value	as	high	as	that	one,	the	system	will	have	a	great	amount	of	noise,	like	previously	explained	in	this	chapter.		The	 next	 step	was	 to	manually	 change	 the	 resistor	 values	 and	measure	 its	response	 on	 the	 experimental	 circuit.	 The	 results	 can	 be	 observed	 in	 the	following	table:			
RF	 IPD	 V0	510 𝛀	 11,1	µA	 -	8 mV	1 𝐤𝛀	 14,5	µA	 -14,5	mV	10	𝐤𝛀	 15,7	µA	 -149	mV	1,5	𝐌𝛀	 0,31	µA	 -	0,8V	4,3	𝐌𝛀	 0,272	µA	 -1,17	V	6,8 𝐌𝛀	 0,186	µA	 -1,86	V	





6.3.1	Inverter	Amplifier				 The	 inverter	 amplifier	 refers	 to	 a	 basic	 circuit	 design	 type.	 This	implementation	is	named	this	way	because	the	output	signal	is	the	inverse	of	the	entrance	one	 in	polarity,	although	 it	 can	be	greater,	 the	same	or	smaller,	depending	on	the	gain	attributed	to	the	amplifier	en	closed	loop.	The	signal	is	applied	to	the	inverter	terminal,	or	negative	amplifier	and	the	positive	or	non-inverter	is	connected	to	ground.	The	R4,	which	goes	from	the	output	terminal	to	the	negative	input,	is	called	feedback.		
	





The	 inverter	 amplifier	 design	 corresponds	 to	 fig.	 6.13,	 where	 the	 two	resistances	work	as	the	gain	of	the	amplifier	(𝑉!"# 𝑉!).	This	gain	is	calculated	applying	Kirchhoff’s	Laws	for	the	circuit	analysis,	and	taking	into	the	account	the	design	assumptions	(V+=	V-	and	I+=	I-=0).	The	resulted	equation	is:		 𝑉!"# = −𝑅!𝑅! ·  𝑉!		 	(6.16)	The	gain	equation	6.16	shows	how	the	variation	of	the	output	signal	depends	on	 the	 effect	 of	 the	 resistances	 on	 the	 input	 voltage.	 This	means	 that	 when	using	a	R4	considerably	greater	than	R3	the	output	increases.	The	inversion	is	done	with	 the	negative	sign,	which	comes	 from	the	negative	 feedback	on	the	design.		Because	the	goal	of	this	circuit	is	the	increase	of	the	VOUT,	R4	has	to	be	greater	than	 R3.	 For	 an	 easier	 analysis	 R3	 was	 set	 to	 10 Ω,	 and	 R4	was	 tested	 with	different	 and	 greater	 values	 to	 determine	 the	 most	 suitable	 one	 for	 the	transistor	gain.		The	variation	of	 the	R4	values	was	done	manually	on	the	 lab.	This	means	the	resistor	R4	was	replaced	each	time,	and	the	VOUT	value	measured	to	study	 its	response.	The	following	table	shows	the	obtained	results:			
R3	 R4	 V0	 Gain	10 𝛀	 120 Ω	 125 mV	 12	 𝑉 𝑉 	10 𝛀	 1,2 kΩ	 1,2	V	 120 𝑉 𝑉 	10 𝛀	 1,8	kΩ	 1,88	V	 180 𝑉 𝑉 	10 𝛀	 3,3	kΩ	 3,44	V	 330 𝑉 𝑉 	10 𝛀	 3,9	kΩ	 Saturated	 390 𝑉 𝑉 	10 𝛀	 4,7	kΩ	 Saturated	 470 𝑉 𝑉 	



















































The	 communication	 is	 a	 process	where	 one	 point	 transmits	 and	 another	one	 receives	 information.	 It	 is	 required	 the	 existence	 of	 an	 emitter,	 a	transmission	 medium	 performing	 a	 communication	 channel,	 and	 a	 receiver.	The	 transmission	method	 for	 this	 project	will	 be	 through	wireless	protocols,	using	antennas	that	will	work	as	emitters	and	receivers.		The	wireless	communication	uses	electromagnetic	radiofrequency	waves	and	a	specific	 bandwidth	between	 the	devices.	 The	 greater	 effectiveness	 and	 reach	between	 the	 systems	 is	 achieved	 when	 no	 obstacles	 are	 found	 between	 the	antennas.	The	 tendency	 to	movement	and	ubiquity	make	more	used	wireless	systems.		The	 aim	 of	 the	 project	 is	 to	 remotely	 monitor	 and	 control	 the	 designed	temperature	 sensor.	 Because	 the	 idea	 for	 the	 sensor	 is	 to	work	 in	 industrial	environments,	specific	in	a	power	transformer	plant,	for	the	communication	a	wireless	 protocol	 was	 selected.	 The	 XBee	 modules,	 based	 on	 ZigBee	communication	 protocol,	 were	 the	 selected	 devices	 for	 the	 project.	 These	modules	provide	an	easy	installment	and	simple	configuration,	fulfilling	all	the	technical	 requirements.	 They	work	with	 the	 technical	 features	 of	 2405-2480	MHz	as	frequency	range,	540	kbps	as	speed	rate	and	a	reach	scope	of	100	m	in	open	 field.	 The	 biggest	 limitation	 would	 be	 the	 speed	 rate,	 but	 perfectly	suitable	for	the	proposed	sensing	application	within	this	project.		The	 physical	 installation	 of	 the	 communication	 hardware	 system	 will	 be	composed	of:		
Ø Two	Arduino	One	boards	
Ø Two	XBee	antenna	modules	
Ø Two	XBee	shields	for	Arduino		There	 are	 two	 devices	 for	 each	 component,	 because	 there	 are	 two	 nodes	composing	 the	 communication,	 so	 each	node	will	 have	one	of	 each.	All	 these	components	will	have	to	be	adapted	to	the	sensor	and	computer	needs	for	the	installation,	 including	 its	 software	 configuration.	 The	 Arduino	 One	microprocessor	 will	 require	 to	 be	 programmed	 in	 order	 to	 attribute	 it	 its	occupation:	to	obtain	the	data	from	the	sensor	and	transmit	it	to	the	antenna.	The	 XBee	 modules	 will	 have	 to	 be	 programmed	 as	 well,	 identifying	 the	different	commands	and	assigning	the	address	to	the	two	nodes.		
		
Figure	7.1.	Communication	distribution	





These	 two	 nodes	 are	 the	 two	 points	 that	 compose	 the	 point-to-point	communication,	 the	 emitter	 and	 receiver.	 The	 first	 one	 is	 connected	 to	 the	sensor,	 and	 it	 will	 be	 responsible	 of	 obtaining	 the	 data	 from	 it	 and	transforming	it	into	a	digital	package	that	will	be	sent	to	the	receiver	node	by	the	XBee	module	attached	 to	 the	Arduino	board.	The	receiver	node	will	 then	obtain	 the	 sensor-emitted	 data	 and	 transmit	 it	 to	 the	 computer,	 where	 the	information	 will	 be	 processed.	 The	 arrows	 on	 figure	 7.1	 indicate	 the	connections,	 which	 are	 wireless	 for	 the	 black	 arrow	 and	 cabled	 in	 the	 blue	arrows.	 Both	 nodes	 are	 composed	 of:	 1	 Arduino	 One,	 1	 XBee	module	 and	 1	XBee	shield	each.					













• Clock	velocity:	16	MHz		The	 figure	 7.2	 illustrates	 the	 main	 electronic	 parts	 within	 the	 Arduino	 One	board.	
	

















• Material:	ceramic	antenna		These	modules	 allow	 the	 creation	of	 a	 flexible	network,	with	 low	 cost	 and	 a	low	 energy	 consumption;	 ideal	 for	monitoring	 the	 environment	 parameters,	such	as	humidity,	light,	sound,	and	like	in	this	project	case,	temperature.		The	modules	are	responsible	 for	 finding	 their	own	communication	path,	assuring	the	most	optimized	option.	The	antennas	have	 to	be	configured	assigning	an	address	 name	 to	 each	 one	 and	 its	 working	 mode.	 Also	 the	 typology	configuration	and	 the	network	distribution	have	 to	be	established.	This	 is	all	done	with	the	XBee	module	software,	XCTU,	previously	explained	in	Chapter	3	
















Table	7.1.	XBee	module	behavior	parameters	After	 that,	 a	 specific	 configuration	 of	 each	 module	 has	 to	 be	 made.	 This	configuration	consists	on	establishing	the	origin	and	destiny	address	for	both	modules,	 and	 implementing	 the	 point-to-point	 transmission	 mode.	 Those	addresses	are	established	through	the	MY	and	DL	commands,	using	the	serial	number	of	each	one	as	their	own	address.	In	order	to	allow	the	communication	it	is	required	that	both	systems	were	on	the	same	channel	and	net,	referred	to	as	 the	 commands	 CH	 and	 ID	 respectively.	 This	 means	 that	 during	 the	configuration	 these	 commands	 should	 have	 the	 same	 value.	 Each	module	 is	configured	independently	to	each	other,	and	the	relationship	between	them	is	established	with	their	designated	addresses,	setting	them	as	origin/destiny	on	each	of	the	set-ups.		


















Table	7.3.	XBee	receiver	module	commands	configuration	The	 rest	 of	 the	 parameters	 were	 set	 automatically	 by	 the	 firmware	 of	 the	program,	and	they	did	not	need	to	be	modified,	although	it	was	checked	that	both	modules	had	the	same	selections	to	assure	the	communication.		The	point-to-point	configuration	can	be	observed	on	the	two	previous	tables,	because	when	 observing	 the	DH	 and	DL	 for	 the	 emitter,	 there	 are	 the	 same	values	as	the	SH	and	SL	of	the	receiver.	The	same	happens	when	observing	the	parameters	in	the	opposite	manner.			
	





During	the	configuration	of	the	software	the	module	will	be	working	on	a	USB	position	 mode,	 because	 the	 antenna	 has	 to	 communicate	 directly	 with	 the	computer	 in	 order	 to	 connect	 it	 to	 the	XCTU	program.	The	 selection	 of	 each	mode	is	done	through	hardware	on	the	XBee	shield	platform.					








• USB	position:	 it	connects	the	microprocessor	(ATMega328)	with	the	USB	cable.		The	pin	DOUT	of	the	XBee	module	will	be	connected	to	the	pin	RX	of	the	USB	 converter,	 and	 Din	 of	 the	 XBee	 module	 to	 the	 pin	 TX	 of	 the	converter	chip,	see	fig.	7.5	for	a	schematic.	This	mode	allows	the	XBee	to	automatically	communicate	with	the	computer,	so	it	is	the	required	position	of	the	jumpers	when	establishing	the	plate	configuration	and	addresses.		
	
Figure	7.5.	USB	position	mode	configuration	In	 order	 to	 establish	 the	 communication	 between	 the	 computer	 and	 the	module	in	both	senses,	the	microprocessor	has	to	be	removed	of	the	Arduino	plate,	otherwise	neither	the	computer	nor	the	microprocessor	will	be	able	to	communicate	with	the	XBee.			
	





































One	 of	 the	 main	 parameters	 of	 the	 system	 is	 the	 data	 analysis	 and	interpretation.	 The	 sensor	will	measure	 the	 temperature	 information,	which	will	 be	 transmitted	 through	 a	 wireless	 protocol	 to	 the	 computer,	 where	 a	program	 will	 be	 running	 with	 the	 user	 interface	 and	 data	 processing.	 The	program	used	for	this	application	is	LabView,		LabView	 is	 a	 National	 Instruments	 integrated	 development	 environment	specialized	in	industrial	and	scientific	informatics.	It	uses	a	graphical	language,	called	G	Language.	This	means	the	programs	are	not	written	but	designed	with	icons	 that	 represent	 different	 functionalities,	 joined	 together	 through	 cables	that	represent	the	data	flow.		 	It	permits	the	user	to	carry	out	process	analysis,	and	data	holding,	distribution	and	 representation	 using	 a	 graphic	 language	 following	 sequential	 lines.	 The	programs	are	divided	in	two	parts,	the	Frontal	panel	and	the	block	diagrams:		
• The	 frontal	panel:	 is	 the	user	 interface	of	 the	program,	once	 the	program	 is	 being	 executed	 is	 the	 one	 that	 holds	 all	 the	information	in	real	time,	and	allows	the	user	to	interact	with	the	program.	In	this	interface	is	where	the	controls	and	indicators	will	be	defined.	Referring	to	the	input	and	resulting	data	respectively.	It	is	also	where	the	reactions	to	the	data	occur	(light	alarms	are	an	example).	
















The	 following	 figure	8.2	shows	a	screenshot	of	 the	block	diagram	window	of	the	 created	main	VI.	 The	 square	 icons	 are	 the	different	 functions	 composing	the	program,	and	are	joined	together	through	lines,	which	indicate	the	way	the	data	is	flowing.	Some	of	the	functions	require	extra	data	input	to	function.	This	means	 they	need	 that	 information	 to	 set	 the	parameters	of	 the	 function.	The	program	works	from	left	to	right.	The	stop	button	can	be	observed	on	the	right	bottom,	and	 it	 is	not	connected	 to	any	other	 function,	but	when	pressed	will	stop	the	process	no	matter	where	the	data	is.	
	




































	 The	 calibration	 curve	 corresponds	 to	 the	 collected	 values	 from	 the	calibration	of	the	sensor.	The	procedure	consists	on	submitting	the	sensor	to	a	variation	 of	 temperatures.	 This	 variation	 will	 affect	 the	 signal	 travelling	through	the	sensor,	so	the	final	output	result	will	depend	on	it.	The	response	of	the	sensor	to	the	different	temperatures	is	collected	and	analyzed,	creating	the	calibration	curve	for	the	system.		In	order	to	do	this	measurement	the	sensor	will	be	placed	on	a	hot	plate	model	LTS350	 as	 the	 heat	 focus,	 which	 will	 provoke	 a	 temperature	 rise	 as	 a	consequence	 to	 the	 variations	 introduced	 through	 the	 control	 unit	 module	TP94,	 obtaining	 in	 this	 way	 the	 sensor’s	 behavior	 with	 regards	 to	 different	surrounding	temperature	values.		In	order	to	measure	the	sensor´s	response	signal,	it	is	not	necessary	to	use	the	full	wireless	communication	set	up	of	the	project.	The	Arduino	One	plates	has	analogical	pins	 that	will	be	 connected	 to	 the	output	point	on	 the	 circuit,	 and	that	 same	 board	 will	 be	 connected	 to	 the	 computer	 through	 a	 USB	 serial	communication.			The	microprocessor	will	be	removed	from	the	plate,	because	all	the	instruction	for	the	manipulation	and	acquirement	of	data	from	the	Arduino	board	will	be	introduced	with	the	LabView	program.	In	order	to	do	so	a	new	VI	was	created,	figure	8.6.	
	





program	 before	 running.	 This	 way	 it	 only	 reads	 the	 pin	 that	 has	 to.	 Both	selections	 are	made	 on	 the	 front	 panel	 of	 the	 program,	 so	 the	 user	 will	 set	them	before	running	the	program.		In	 this	 case	 the	 Arduino	 functions	 do	 not	 require	 any	 extra	 configuration	needed,	 the	 tool	 uses	 the	 default	 baud	 rate	 of	 115200	 (bps).	 Once	 the	communication	is	set	up,	 it	starts	reading	from	the	analog	pin	in	the	Arduino	plate.	 The	 data	 is	 automatically	 read	 as	 an	 integer	 data	 type	 (numerical	values),	so	 it	was	only	necessary	to	use	an	indicator	that	will	make	the	value	appear	in	the	front	panel.			
	



























Table	8.1.	Voltage	and	Temperature	values	from	calibration	curve	The	 voltage	 values	 were	 taken	 every	 minute,	 moment	 in	 which	 the	temperature	was	2ºC	incremented.	 	The	voltage	column	stands	for	the	values	from	the	output	of	the	circuit,	and	the	temperature	indicates	the	temperature	the	 control	 unit	 displays,	 hence	 the	 temperature	 at	 which	 the	 hot	 plate	 is.	These	results	were	graphed	in	order	to	obtain	lineal	function	that	relates	these	results.		
	





















































Figure	9.2.	Emitter	node	physical	system	Figure	9.2	shows	a	picture	of	the	emitter	communication	node.	It	includes	the	sensor	circuit	and	the	Arduino	board	with	the	XBee	shield	attached	to	it.	The	wires	 coming	 out	 from	 the	 Arduino	 are	 the	 three	 required	 connections,	 the	powering,	which	will	be	done	at	5V	and	ground,	and	the	analogical	pin	(A0)	to	the	output	point	of	the	circuit	system.	The	following	table	9.1	indicates	all	the	parameters	 and	 the	 configuration	 of	 the	 emitter	 communication	 node.	 The	pins	 relationship	 indicates	 the	 name	 of	 the	 pin	 from	 the	 Arduino	 plate	 and	what	is	connected	to.		
Emitter	Node	 	
Arduino	One	 											Pins:	 5V			à	from	power	source		 GNDà	power	source		 A0			à	V0	
XBee	Shield												Jumpers													Address	 Attached	to	Arduino	XBee	position	1	
ATMEGA	328	 Programmed	with	Arduino	software	







XBee	Shield																Jumpers	à 																	Addressà 	 	XBee	position	0	
ATMega328	 Removed	








9.1	RESULTS			 The	complete	system	was	designed	and	built	on	 the	DTE	 lab	 facilities,	where	it	was	also	tested.	The	testing	process	consisted	on	the	alteration	of	the	temperature	of	 the	hot	plate	 and	observing	how	 the	 sensor	 reacted	 to	 those	changes.	The	variation	of	the	temperature	the	sensor	is	exposed	to,	reflect	on	the	 signal	 response.	 This	means	 that	 the	 different	 temperatures	 should	 give	different	output	signal	values.		Table	9.3	provides	a	 compilation	of	 the	 testing	process	experimental	 results.	The	first	column	(Control	Unit)	indicates	the	value	that	appears	on	the	screen	of	 the	 TP94,	 hence	 the	 temperature	 of	 the	 hot	 plate.	 The	 second	 column	(LabView)	gives	the	results	appearing	on	the	user	interface	on	the	computer,	and	should	be	equivalent	to	the	values	on	the	first	column.	The	third	column	(Voltage)	 is	 the	data	values	being	 transmitted	 from	 the	 sensor.	The	ones	 the	LabView	program	uses	to	obtain	the	equivalent	temperature.	












The	adaptation	of	the	integrated	to	the	system	includes	the	implementation	of	the	design	on	fig.	9.4.	The	capacitor	values	will	remain	the	same	in	both	cases,	but	the	resistances	will	be	modified	and	replaced	by	R1=	R1=	50k𝛀	(following	the	 referenced	 parameters	 on	 the	 circuit).	 This	 implementation	 was	 not	integrated,	and	has	to	be	designed	experimentally.	Figure	9.5	is	an	image	of	the	full-developed	circuit.		
	
Figure	9.5.	MAX889T	circuit	implementation	Once	 the	 full	 assembly	 of	 the	 system	 is	 done,	 see	 fig.9.6,	 including	 the	MAX889T	circuit,	 the	 required	power	 charge	will	 be	+5V	and	 it	will	 have	an	estimated	 consumption	 of	 130mA.	 The	 PoF	 will	 be	 then	 connected	 as	 the	source,	and	will	use	25	m	and	100	m.		
	























These	 parameters	 are:	 a	 voltage	 of	 5V	 and	 a	 consumption	 of	 130mA.	 With	these	parameters	the	power	required,	applying	equation	9.12,	is:		 𝑃 = 5𝑉 · 130𝑚𝐴 = 0,65𝑊		 (9.15)	For	this	design,	the	PoF	is	going	to	use	only	one	PV	cell	that,	because	it	has	a	maximum	of	6V,	 is	able	 to	generate	 the	required	5V.	The	minimum	length	of	the	fiber	for	this	case	is:		𝐴𝑡𝑡 𝑑𝐵 = 𝑃!" 𝑑𝐵𝑚 − 𝑃!"# 𝑑𝐵𝑚 = 31,76 (𝑑𝐵𝑚)− 28,12(𝑑𝐵𝑚) = 3,68 𝑑𝐵		 (9.16)		 	𝐿 𝑚 = 𝐴𝑡𝑡 𝑑𝐵 − 𝛼!"#$ 𝑑𝐵𝛼(𝑑𝐵𝑘𝑚) = 3,68 𝑑𝐵 − 2 · 0,5(𝑑𝐵)19(𝑑𝐵𝑘𝑚) = 0,14 𝑘𝑚 = 140𝑚		
(9.17)	



















































Code	 Unity	 Description	 Quantity	 Unitary	Price	 Total	Price			 		 Chapter	1:	Material	 		 		 		01.01	 Uty	
Resistance																																																																																10Ω,	1/W	tolerance	5%	 1	 0,02	€	 0,02	€			 	 	 	 	 		01.02	 Uty	 Resistance																																																																																3,3kΩ,	1/W	tolerance	5%	 1	 0,02	€	 0,02	€			 	 	 	 	 		01.03	 Uty	
Resistance																																																																																2,7kΩ,	1/W	tolerance	5%	 1	 0,02	€	 0,02	€			 	 	 	 	 		01.04	 Uty	 Resistance																																																																																82Ω,	1/W	tolerance	5%	 1	 0,02	€	 0,02	€			 	 	 	 	 		01.05	 Uty	
Resistance																																																																																10kΩ,	1/W	tolerance	5%	 1	 0,02	€	 0,02	€			 	 	 	 	 		01.06	 Uty	 Operational	Amplifier																																																											Brand	ST	microelectronics.	Model	TL081,	with	voltage	ranges	from	15	V	to	-15	V	for	input	and	from	-18	V	to	1V	of	source,	and	a	maximum	power	of	680mW	
3 0,20	€	 0,60	€	
		 	 	 	 	 		01.07	 Uty	 Bipolar	BJT	transistor																																																													Bran	Phillips,	model	2N2222	with	a	maximum	current	of	800	mA	and	a	power	dissipation	of	500mW.	
1 0,10	€	 0,10	€	
		 	 	 	 	 		01.08	 Uty	 Optical	emitter																																																																							Brand	Industrial	Fiber	Optics,	model	IF-E93,	with	a	522	nm	of	wavelength	and	currents	up	to	35	mA,	with	a	standard	cable	connection	of	plastic	and	a	core	of	1mm.	
1	 3,00	€	 3,00	€	
		 	 	 	 	 		01.09	 Uty	 Optical	fiber																																																																												Plastic	multimode	fiber	with	an	index	jump	with	1mm	diameter	and	2,2	mm	jacket.	
1m 1,00	€/m	 1,00	€	

















	 	 		01.13	 Uty	
USB	cable	standard	type	B																																																				Cable	to	two	USB	ports	at	both	ends.											 2	 4,00	€	 8,00	€	
	 	 	 	 	 115,80	€			 Code	 Unity	 Description	 Quantity	 Unitary	Price	 Total	Price	
			Chapter	2:	Computer	Software	02.01	 License	 Arduino	IDE																																																																													The	open-source	Arduino	Software	(IDE)	makes	it	easy	to	write	code	and	upload	it	to	the	board.	It	runs	on	Windows,	Mac	OS	X,	and	Linux.	The	environment	and	other	open-source.		
1	 0,00	€	 0,00	€	
		 	 	 	 	 		02.02	 License	 XCTU																																																																																									From	the	DIGI	International	brand.	It	is	a	multiplatform	application	compatible	with	Windows,	MacOS	and	Linux.	Graphical	network	view	for	simple	wireless	network	configuration	and	architecture.	API	frame	builder	is	a	simple	development	tool	for	quickly	building	XBee	API	frames.	Firmware	releases	Notes	Viewer	allow	user	to	explore	and	read	firmware	releases.	
1 0,00	€	 0,00	€	







	 	 	 	 	 400,00	€			 Code	 Unity	 Description	 Quantity	 Unitary	Price	 Total	Price		Chapter	3:	Instrumentation	Tools	03.01	 Uty	 Power	Source																																																																										Power	source	brand	Thurlby	Thandar	Instruments,	model	EL302Tv,	with	two	outputs	of	0	and	30	V,	one	output	of	1,5	and	5	V	and	currents	from	0	to	2A	
1	 420,00	€	 420,00	€	
		 	 	 	 	 		03.02	 Uty	 Multimeter																																																																																									From	brand	Amprobe,	model	37XR-A,	with	maximum	currents	of	10	A	(AC)	and	750	V	(AC).	
1 180,00	€	 180,00	€	
		 	 	 	 	 		03.03	 Uty	 Power	Source	Connector																																																																												Jack	Connector	5,5X2,	1	mm	 1	 5,00	€	 5,00	€			 	 	 	 	 		03.04	 Uty	 Temperature	Control	Unit																																																																				TP94,	brand	Linkam	Scientific	Instruments,	controllers	capable	of	not	only	precision	temperature	controls,	but	also	moving	precision	stepper	motors,	displaying	data	from	high	resolution	force	transducers,	humidity	and	gas	sensors	and	data	streaming	on	to	a	live	video	feed.	
1 150,00	€	 150,00	€	







		 	 	 	 	 		03.06	 Uty	 Computer																																																												Personal	computer	with	operative	systems	compatible	with	the	software	programs	used.	(Windows).	
1	 600,00	€ 600,00	€	
	 	 	 	 	 1.360,00	€			Code	 Unity	 Description	 Quantity	 Unitary	Price	 Total	Price	
			Chapter	4:	Personnel	
04.01	 Hrs.	 Junior	Industrial	Engineer	 504	 45,00	€/h	 22.	680,00	€	Design	and	implementation	of	a	sensory	system,	including	its	adaptation	in	a	wireless	network	and	development	of	a	computer	interface.		
	 	 	 	 	 22.680,00	€			The	cost	of	the	Engineer	is	calculated	taking	into	account	the	estimated	period	of	 time	 for	 the	 development	 of	 the	 work,	 the	 total	 of	 business	 days	 in	 the	working	 time	 and	 the	 workday	 for	 the	 engineer.	 Once	 knowing	 the	 exact	number	of	hours	used	and	the	cost	per	hour,	it	is	possible	to	obtain	the	total	cost	for	the	project	of	the	engineer.		 Estimated	 time	 for	the	development	of	the	 project	[Months]	
Working	days/month	 Work	 day	[hours/	day]	 Total	 hours	employed	 Cost	 per	hour	[€/hr.]	























































	This	project	had	different	objectives,	with	 the	main	purpose	of	creating	an	instrumentation	sensor	system	and	its	adaptation	into	a	wireless	network,	with	 the	 design	 of	 a	 nice	 and	 simple	 interface	 as	 control	 unit	 to	 be	implemented	 in	 hostile	 industrial	 areas	 taking	 advantage	 of	 the	 use	 of	 an	optical	 fiber	 sensor,	 which	 guarantees	 immunity	 to	 the	 electromagnetic	 and	radiofrequency	 interferences.	 This	 small	 description	 means	 the	 design,	development	and	integration	of	the	different	technologies	involved.		For	the	monitoring	process	of	the	sensor	the	system	uses	wireless	devices	and	computer	programs,	which	 contribute	 to	a	 fast	 reading	of	 the	data	 collected.	And	 the	 possibility	 of	 working	 in	 a	 wireless	 environment	 that	 provides	mobility	and	flexibility,	with	a	system	with	low	price	and	low	consumption.			Based	on	the	description	of	 the	system	and	the	objectives	set,	 the	conclusion	will	be	that	the	4	initial	established	objectives	of	the	project	have	been	met,			The	first	one	is	the	selection	of	an	optical	fiber	sensor.	This	can	be	verified	in	
Chapter	2	Temperature	Sensors,	when	comparing	the	different	options	and	its	characteristics.	 This	 sensor	 habilitates	 the	 possibility	 of	 working	 with	 the	sensor	 placed	 inside	 of	 a	 power	 transformer,	 without	 the	 risk	 of	 damaging	neither	 of	 the	 devices	 and	 avoiding	 the	 electromagnetic	 interferences.	 The	selected	components	that	go	along	with	sensor	fit	the	criteria	as	well,	using	a	LED	and	photodiode	adapted	to	the	fiber	employed,	and	with	materials	able	to	work	 under	 high	 temperature	 conditions,	 as	 observed	 on	 Chapter	 6	 Sensor	
Design.		The	 second	 objective	 is	 the	 communication	 protocol	 selected.	 The	 ZigBee	standard	adapts	to	all	the	necessities	and	creates	a	wireless	network	ideal	for	industrial	applications,	such	as	power	transformers	plants,	which	is	the	aim	of	the	 project.	 Chapter	 3	 Wireless	 Communication	 can	 verify	 this	 selection,	because	 it	 is	 based	 on	 the	 comparison	 of	 the	 available	 protocols,	 and	 their	characteristics.	 ZigBee	 adapts	 to	 the	 project	 nicely	 and	 habilitates	 the	possibility	of	increasing	the	network	if	necessary,	providing	a	flexible	network	at	a	reasonable	low-cost.	The	use	of	the	XBee	modules	assure	the	low	price	and	low	consumption	of	 the	devices,	 and	work	as	providers	of	 this	protocol,	 and	are	 adaptable	 to	 the	 desired	 environment.	 So	 the	 objective	 of	 the	 wireless	network	 was	 fulfilled	 with	 the	 selection	 of	 the	 XBee	 modules	 and	 Arduino	boards,	as	can	be	seen	on	Chapter	7	Communication	Design.		The	third	objective	is	the	creation	of	a	computer	interface	for	the	data	analysis.	In	 many	 instrumentation	 projects	 one	 of	 the	 main	 purposes	 is	 the	interpretation	of	 the	 information.	The	created	computer	 interface	provides	a	method	 of	 collecting	 data	 and	 obtaining	 the	 final	 result,	 which	 enables	 the	possibility	 to	 study	 the	 sensed	 area	 in	 real	 time.	 This	 can	 be	 observed	 in	





and	the	interface	was	able	to	react	to	it	and	give	the	user	the	new	result.	The	variations	 were	 made	 abruptly	 to	 confirm	 the	 sensor	 system	 was	 correctly	established.	The	forth	objective	was	the	final	achievement	of	a	system	with	low	price	and	low	consumption.	This	means	all	the	selected	components	and	devices	on	the	final	 system	 fulfill	 these	 objectives.	 The	 communication	 devices	 selected	maintain	a	low	price	and	are	competitive	products	in	the	market,	as	well	as	the	consumption,	which	assures	a	long	active	life	for	the	full	system.		Once	finalized	the	design	and	implementation	of	the	system,	and	after	testing	it	 is	rightfully	functioning,	 it	can	be	assured	that	the	set	objectives	have	been	satisfactorily	fulfilled,	and	the	implementation	of	a	sensorial	network	has	been	achieved,	 also	 allowing	 the	 possibility	 of	 a	 future	 increase	 of	 the	 project	providing	it	with	flexibility.		Some	secondary	conclusions	are	 the	agility	and	skills	personally	obtained	on	all	the	used	elements	for	this	project.	The	different	software	programs	had	to	be	 mastered	 in	 order	 to	 be	 used	 this	 includes	 the	 configuration	 of	 the	components	 such	 as	 the	 Arduino	 board	 or	 the	 XBee	 module	 among	 others.	Also,	it	was	required	a	previous	theoretical	knowledge	of	the	functioning	of	the	sensor	and	its	components	before	its	design,	this	refers	to	the	circuits	and	the	criteria’s	for	the	selection	of	the	sensor.						


































































There	 are	 different	 regulations	 that	 must	 be	 taken	 into	 account	 in	implementation	of	the	project,	considering	the	different	processes	included	in	it.		Because	 it	 uses	 a	 wireless	 communication	 protocol,	 as	 its	 transmission	procedure	 it	 is	 important	 to	 take	 into	 account	 that	 in	 order	 to	 incorporate	wireless	communication	into	the	project	there	are	two	options.	It	can	either	be	integrated	 in	 the	 circuit	 board	 of	 the	 own	 device	 to	 develop,	 or	 a	 module	including	 all	 the	 necessary	 elements	 can	 be	 bought.	 The	 advantage	 of	 the	second	option	is	that	all	the	modules	are	already	tried	out	and	usually	include	all	 the	 regulation	 certificates.	 This	 simplifies	 the	 certification	 of	 the	 final	product	integrating	the	communication.		Another	 important	 aspect	 of	 the	 wireless	 communication	 is	 the	 operation	frequency.	By	law,	the	use	of	electromagnetic	spectrum	is	normally	restricted	and	 requires	 licenses	 and	 concessions.	 There	 are,	 however,	 exceptions.	 The	Scientific	and	Medical	(ISM)	or	Short	Range	Device	(SRD)	 is	 frequency	bands	known	 as	 industrial	 bands.	 They	 are	 internationally	 used	 for	 the	 free	applications	 in	 communications,	 and	 are	 specified	 by	 the	 Federal	Communications	 Commission	 (FCC)	 in	 the	 United	 States,	 or	 the	 European	Telecommunication	Commission	Standard	Institute	(ETSI)	in	Europe.			The	 ISM	 And	 SRD	 more	 frequent	 European	 bands	 are	 frequently	 used	 in	wireless	device	with	a	short/medium	range:	
Ø ISM	433	MHz	(433,	05-434,	79	MHz)	
Ø SRD	868	MHz	(863-870	MHz)	
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ANNEX	1:	LabView		The	following	annex	will	 include	a	compilation	of	all	 the	windows	forming	the	programs	used	 in	 this	project	 from	 the	LabView	resource.	 	This	programs	are	called	virtual	instruments	(VI)	and	are	composed	of	two	different	interfaces:	
Ø Block	 diagram:	 where	 the	 programming	 takes	 place.	 LabView	 uses	 a	graphical	language	(G),	so	the	configuration	of	the	interface	will	be	done	using	 different	 icons	 representing	 functions.	 It	 uses	 a	 sequential	methodology,	with	the	data	flowing	through	the	joins,	visualized	as	wire	unions.	This	will	be	observed	on	the	following	images.	









































































































}		This	is	an	image	of	the	Arduino	Software	page,	where	the	program	was	written	and	check.	In	order	to	upload	it	into	the	board	the	Arduino	has	to	be	connected	to	 the	 computer.	The	COM	port	 check	has	 to	be	 selected	on	 the	 software,	 and	after	 that	 clicking	 the	 arrow	 button	 on	 the	 top	 of	 the	 page	 can	 upload	 the	program.		
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